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ABSTRACT 

T h i s r e p o r t d e s c r i b e s p r o g r e s s on a r e s e a r c h and t e s t p r o g r a m be ing 

conduc ted u n d e r C o n t r a c t AF33(616) - 7422 on the d e v e l o p m e n t of a h igh 

t e m p e r a t u r e , v a p o r - f i l l e d t h e r m i o n i c c o n v e r t e r for a p p l i c a t i o n wi th a 

n u c l e a r r e a c t o r for s p a c e - v e h i c l e e l e c t r i c a l p o w e r g e n e r a t i o n . P r o b l e m s 

a s s o c i a t e d wi th t h e d e s i g n and o p e r a t i o n of a t h e r m i o n i c c o n v e r t e r e m p l o y ­

ing a UC - Z r C e m i t t e r , a c e s i u m p l a s m a for s p a c e c h a r g e n e u t r a l i z a t i o n , 

and a h i g h - t e m p e r a t u r e c o l l e c t o r a r e d e s c r i b e d . E m i t t e r f a b r i c a t i o n 

t e c h n i q u e s a r e a l s o d e s c r i b e d . A t e s t c e l l e m p l o y i n g a c y l i n d r i c a l UC - Z r C 

e m i t t e r , w h i c h w a s p r e s s u r e bonded to a t a n t a l u m s l e e v e , and a low-

t e m p e r a t u r e c o p p e r c o l l e c t o r , w a s f a b r i c a t e d and o p e r a t e d for 400 h o u r s 

t o p r o v i d e e x p e r i m e n t a l d a t a . T h e e m i t t e r w a s o p e r a t e d a t t e m p e r a t u r e s 

of the o r d e r of 2000 C whi le the c o l l e c t o r t e m p e r a t u r e w a s m a i n t a i n e d at 

200°C to 3 0 0 ° C . 

T h i s r e p o r t a l s o i n c l u d e s a c o n c e p t u a l d e s i g n s tudy for a t h e r m i o n i c 

p o w e r r e a c t o r i n c o r p o r a t i n g the t h e r m i o n i c c o n v e r t e r u n d e r d e v e l o p m e n t . 

I t w a s conc luded tha t a t h e r m i o n i c fuel e l e m e n t would be about 20 i n c h e s 

long and 0 . 6 8 inch in d i a m e t e r and would i n c o r p o r a t e 10 t h e r m i o n i c c e l l s . 

The load vo l t age p e r fuel e l e m e n t would be about 1 4 . 5 vo l t s and two 

e l e m e n t s would be c o n n e c t e d in p a r a l l e l ( e l e c t r i c a l l y ) to p r o v i d e an output 

of 29 v o l t s . The o v e r a l l d e s i g n would p r o v i d e an e l e c t r i c a l p o w e r l eve l 

of a p p r o x i m a t e l y 1 m e g a w a t t . 

I l l 
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P A R T A 

C E L L F A B R I C A T I O N AND TESTING 

I . INTRODUCTION 

T h e p r o g r a m of c e l l t e s t i n g conduc ted by G e n e r a l D y n a m i c s / G e n e r a l 

A t o m i c D i v i s i o n for the A i r F o r c e h a s b e e n d i r e c t e d t o w a r d the d e t e r m i n a ­

t ion of t h e p e r f o r m a n c e and l i f e t ime c h a r a c t e r i s t i c s of a n u c l e a r t h e r m i o n i c 

s y s t e m i n c o r p o r a t i n g a m i x e d c a r b i d e a s the f u e l - e m i t t e r m a t e r i a l , a c e s i u m 

p l a s m a for s p a c e c h a r g e n e u t r a l i z a t i o n , and a h igh t e m p e r a t u r e c o l l e c t o r 

c o a t e d wi th c e s i u m . T h e t e m p e r a t u r e r a n g e s of i n t e r e s t w e r e 1700 C to 

2400 C for t h e e m i t t e r s u r f a c e , and 700 C to 1200 C for the c o l l e c t o r s u r ­

f a c e . It i s in t h i s t e m p e r a t u r e r a n g e tha t s y s t e m s t u d i e s i n d i c a t e h igh p e r ­

f o r m a n c e for a s p a c e r e a c t o r s y s t e m u s e d for g e n e r a t i n g e l e c t r i c a l p o w e r . 

D u r i n g the p r e v i o u s c o n t r a c t p e r i o d , one c e l l ( ce l l A) had b e e n put 

in to o p e r a t i o n and w a s t e s t e d at a h igh t e m p e r a t u r e for 82 h o u r s (ref . 1). 

It w a s noted at t ha t t i m e tha t the p r o b l e m of e m i t t e r i n t e g r i t y had not b e e n 

so lved b e c a u s e of the e v i d e n c e of c a r b i d e c r a c k i n g and f a i l u r e of the bond 

b e t w e e n the c a r b i d e e m i t t e r and the t a n t a l u m s u p p o r t s t r u c t u r e for the 

e m i t t e r . In add i t i on , ou r o b s e r v a t i o n s showed tha t a s u b s t a n t i a l d e t e r i o r a ­

t ion of the t h e r m i o n i c e m i s s i o n i t se l f o c c u r r e d d u r i n g the o p e r a t i o n p e r i o d 

of the c e l l . Whi le the c a u s e s of t h i s d e t e r i o r a t i o n w e r e not fully u n d e r ­

s tood , i t a p p e a r e d t h a t t h e y m i g h t b e r e l a t e d to the p u r i t y of the c a r b i d e 

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

c o n t a m i n a n t g a s in the c e l l and , p a r t i c u l a r l y , to the l i b e r a t i o n of g a s e s o r 

o t h e r m a t e r i a l s f r o m the c o l l e c t o r s u r f a c e when tha t s u r f a c e w a s o p e r a t e d 

at v e r y h igh t e m p e r a t u r e . T h e r e f o r e , the p r o g r a m of r e s e a r c h d u r i n g 

t h i s r e p o r t i n g p e r i o d (1 A u g u s t 1961 t h r o u g h 31 J a n u a r y 1962) h a s b e e n 

d i r e c t e d to a b e t t e r u n d e r s t a n d i n g of the f a c t o r s affect ing p e r f o r m a n c e a s 

M a n u s c r i p t i s r e l e a s e d by the a u t h o r s 15 F e b 1962 
for pub l i ca t i on a s an ASD T e c h n i c a l R e p o r t . 
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well as to achieving a g r e a t e r period of ce l l operat ion at high pe r fo rmance . 

P r o g r e s s has been made in all of these a r e a s . Another ce l l (cell D) was 

put into operat ion during the last month and one-half of the contract period 

and 400 hours of operat ion was logged; a considerable amount of physical 

data on performance was obtained; and new information on the causes of 

performance decay was gained. 

During this report ing period Genera l Atomic proposed to the Air 

F o r c e that the p r o g r a m objectives be r e s t r i c t ed in o rde r to allow a be t t e r 

de terminat ion of cel l pe r fo rmance . Since the re appeared to be such a 

var ie ty and large number of factors effecting perforniance , it -was felt 

that building a cel l to achieve all contract objectives would not br ing us 

quickly to a good understanding of per formance fac to r s . In pa r t i cu l a r , 

the effects of operating the col lector at ve ry high t e m p e r a t u r e s appeared 

to be a complicating factor . The re fo re , we proposed that the cel l 

utilizing the or iginal bas ic geomet r ica l design and a carbide enaitter be 

operated with a low t empera tu re col lector to be made of copper and to be 

operated at t e m p e r a t u r e s of the o rde r of 300 C. It was with this cel l 

(cell D| that the operat ional experience has been obtained. It was further 

proposed that once the perforniance of this cel l was observed, the con-

•"inedng p r o g r a m should include a col lector capable of sustaining operat ion 

at the higher t empe ra tu r e s of i n t e re s t to the space application. 

An -improved cel l , incorporat ing a nê w high-puri ty nickel col lector 

for operat ion at col lector t e m p e r a t u r e s of 600 C or h igher , was being 

assembled at the end ol the report ing per iod . This cel l , designated cel l E , 

will incorpora te an emi t t e r benefiting f rom improved manufacturing techniques 

and will be available short ly for use in a continuing p r o g r a m . 

A para l le l p r o g r a m of design studies was conducted during the course 

of the cel l testing p r o g r a m . These studies es tabl ished a typical thermionic 

iuel element configuration based on nuc lear , e l ec t r i ca l , and fabrication 

< ons idera t ions . The design studies a r e summar ized in P a r t B of this r epor t . 
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I I . P R O G R A M HISTORY 

By the end of the p r e v i o u s r e p o r t i n g p e r i o d , 31 Ju ly 1961 , the f i r s t 

c o m p l e t e e x p e r i m e n t a l c e l l (ce l l A) had b e e n a s s e m b l e d and suff ic ient t e s t ­

ing c o m p l e t e d to d e t e r m i n e the p e r f o r m a n c e c h a r a c t e r i s t i c s of the c e l l . 

The d e t a i l s of t h e s e a c c o m p l i s h m e n t s w e r e p r e v i o u s l y r e p o r t e d (ref . 1). 

The e l e c t r i c a l output p o w e r of C e l l A w a s l e s s than a n t i c i p a t e d . Af te r c o n ­

s i d e r a b l e i n v e s t i g a t i o n t h i s r e s u l t w a s a t t r i b u t e d to po i son ing of the e m i t t e r . 

It w a s conc luded tha t t h i s e m i t t e r p o i s o n i n g , o r l o w e r i n g of the e m i s s i o n 

c u r r e n t d e n s i t i e s a c h i e v a b l e a t a g iven e m i t t e r t e m p e r a t u r e , p r o b a b l y r e ­

su l ted f r o m the p r e s e n c e of n i t r o g e n g a s in the c e l l . D u r i n g c e l l o p e r a t i o n , 

r e a c t i o n s b e t w e e n the n i t r o g e n and the hot c a r b i d e e m i t t e r w e r e p o s s i b l e 

wi th a r e s u l t a n t i n c r e a s e in the ef fec t ive w o r k funct ion of the e m i t t e r s u r ­

f a c e . T h e p r i m a r y s o u r c e of the n i t r o g e n w a s t r a c e d to the m o l y b d e n u m 

c o l l e c t o r . Wi th the v a c u u m e q u i p m e n t t hen a v a i l a b l e , m o l y b d e n u m could 

not be o u t g a s s e d suf f ic ien t ly to i n s u r e p a r t i a l p r e s s u r e s of n i t r o g e n l e s s 

t h a n 10 m m H g . In a l l p r o b a b i l i t y , c o n s i d e r a b l y h i g h e r n i t r o g e n p r e s ­

s u r e s o c c u r r e d a f t e r t he c e l l had b e e n s e a l e d and o p e r a t e d . A c c o r d i n g l y , 

to e l i m i n a t e the m o l y b d e n u m and hopeful ly the s o u r c e of n i t r o g e n , the d e ­

c i s i o n w a s m a d e to f a b r i c a t e the nex t c e l l wi th a c o p p e r c o l l e c t o r . 

2 . 1 C E L L C 

The f a b r i c a t i o n and a s s e m b l y of the fo l low-on c o p p e r c o l l e c t o r ce l l 

(ce l l C) w a s u n d e r t a k e n d u r i n g A u g u s t and S e p t e m b e r 1 9 6 1 . The d e s i g n 

of t h i s c e l l w a s s i m i l a r to t ha t of C e l l A wi th the e x c e p t i o n of the c o p p e r 

c o l l e c t o r and the add i t i on of a h i g h - t e m p e r a t u r e t h e r m o c o u p l e for m o n i t o r ­

ing the t e m p e r a t u r e of the e r r d t t e r . T h e n e e d for a r e l i a b l e i n d i c a t i o n of 

the e m i t t e r t e m p e r a t u r e b e c a m e a p p a r e n t f r o m the o p e r a t i o n e x p e r i e n c e 

ga ined f r o m C e l l A . In C e l l A, the e r rd t t e r t e m p e r a t u r e w a s d e t e r m i n e d 

by m e a n s of an input p o w e r - p y r o m e t e r t e m p e r a t u r e c a l i b r a t i o n p e r f o r m e d 
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pr io r to final c losure of the ce l l . This method assumed that the effective 

emiss iv i ty between the emi t t e r and the col lector remained constant during 

cell operat ion. Since the validity of th is assumpt ion was somewhat in doubt 

and, in addition, the emiss ion cha ra c t e r i s t i c s of the emi t t e r were lower 

than expected, the re existed considerable uncer ta inty regarding the 

accuracy of the predicted emi t t e r t e m p e r a t u r e s . If a be t te r understanding 

of cel l operat ion was to be rea l ized in Cell C, a reduction in the emi t t e r 

t empera tu re uncer ta inty was e s sen t i a l . 

The emi t t e r thermocouple used in Cell C consisted of tungsten v s . 

tungs ten- rhenium wire in a 0.040 inch tanta lum sheath, insulated with 

BeO^ The sheathed thermocouple junction was inse r ted in an axial hole 

in the carbide section of the emi t t e r with the junction located approximately 

midway along the length of the emi t t e r and about O.O6O inch from the 

emi t te r sur face . Sheathed lead w i r e s exited from the cel l through a hole 

dr i l led in the emi t t e r support p la te . The seal between the copper support 

plate and the tantalum sheath presented pa r t i cu la r diff icult ies. This seal 

formed a pa r t of the ces ium container and consequently had to be capable 

of 300 C operat ion and 400 C bakeout t e m p e r a t u r e , and be compatible 

with the cel l environment . A sat isfactory means of making this seal was 

found by melting a thin section of copper d i rec t ly onto the sheath . The 

melted copper wets but does not alloy with tantalum and forms a smooth 

copper bead around the sheath. 

Ea r ly in September 1961^ the emi t t e r thermocouple had been instal led 

and the cel l near ly completed. After subsequent p re -opera t iona l ce l l 

tes t ing; however, a pa r t i a l e l ec t r i ca l shor t developed in the thermocouple . 

This produced e r r a t i c and e r roneous readings of the thermocouple and 

thereby rendered it u s e l e s s . Because the thermocouple instal la t ion was 

a late addition to the ce l l , no provision existed in the cel l design to 

facilitate replacement of the thermocouple without d isassembl ing a major 

portion of the ce l l . 
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In add i t ion to t h i s t h e r m o c o u p l e p r o b l e m , the q u e s t i o n a b l e s t r u c t u r a l 

i n t e g r i t y of t h e e m i t t e r and the h igh p r o b a b i l i t y of d a m a g i n g the i n s u l a t o r 

in d i s m a n t l i n g the c e l l m a d e a r a p i d r e p a i r of the ce l l i m p o s s i b l e . T h e 

a d v i s a b i l i t y of r e p a i r i n g the c e l l a l s o w a s q u e s t i o n e d in l ight of an i m p r o v e 

c e l l d e s i g n which had b e e n e s t a b l i s h e d , the a v a i l a b i l i t y of a m o r e r e l i a b l e 

i n s u l a t o r , and the d e v e l o p m e n t of a r a d i a t i o n - h e a t e d e m i t t e r which gave 

p r o m i s e of e l i m i n a t i n g t h e c r a c k i n g p r o b l e m a s s o c i a t e d with the bonded 

c a r b i d e - t o - t a n t a l u m type e m i t t e r . T h e d e c i s i o n w a s m a d e to r e p l a c e 

Ce l l C wi th an i m p r o v e d v e r s i o n d e s i g n a t e d C e l l C . 

2 . 2 C E L L C' 

One i m p o r t a n t d e s i g n f e a t u r e i n t r o d u c e d in C e l l C w a s the o r d e r of 

a s s e m b l i n g the i nd iv idua l c o m p o n e n t s in to a c o m p l e t e d c e l l . In C e l l C , 

the e m i t t e r , e m i t t e r t h e r m o c o u p l e s and c o l l e c t o r had to be i n s t a l l e d e a r l y 

in the a s s e m b l y p r o c e d u r e . If any of t h e s e c o m p o n e n t s fa i led d u r i n g the 

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

m a n t l i n g of the c e l l . To e l i m i n a t e t h i s h igh ly u n d e s i r a b l e r e q u i r e m e n t , 

C e l l C w a s d e s i g n e d so t h a t t he e m i t t e r , e m i t t e r t h e r m o c o u p l e , and 

c o l l e c t o r w e r e the l a s t c o m p o n e n t s to be added to the c e l l a s s e m b l y . T h i s 

d e s i g n change of fered the a d d i t i o n a l benef i t of a l lowing the i n t e g r i t y of 

a l m o s t a l l the o t h e r c o m p o n e n t s of the c e l l to be t e s t e d and a s s u r e d p r i o r 

to the a t t a c h m e n t of the f inal t h r e e c o m p o n e n t s . T h u s a b a s e a s s e m b l y 

could be b u i l t , t e s t e d j and o u t g a s s e d i n d e p e n d e n t l y of e m i t t e r , e m i t t e r 

t h e r m o c o u p l e s o r c o l l e c t o r c o n s i d e r a t i o n s . T h e b a s e a s s e m b l y cou ld , 

t h e r e f o r e , be e a s i l y r e u s e d if any of t h e s e t h r e e c o m p o n e n t s needed r e ­

p l a c e m e n t . A c r o s s - s e c t i o n of C e l l C i s i l l u s t r a t e d in F i g u r e A . 1. 

S ince the new i n s u l a t o r did not i n c o r p o r a t e the f lex ib le we ld ing f l anges of 

the C e l l C type i n s u l a t o r s , suff ic ient f l ex ib i l i ty w a s bu i l t in to the modi f ied 

c o l l e c t o r s u p p o r t p l a t e to a l low a d e q u a t e a l i g n m e n t of the c o l l e c t o r wi th 

r e s p e c t to the e m i t t e r . 
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The e m i t t e r to be u s e d in C e l l C' c o n s i s t e d of a c a r b i d e cup s u r r o u n d ­

ing an i n n e r t a n t a l u m s l e e v e . The c a r b i d e w a s to be h e a t e d by r a d i a t i o n 

f r o m the t a n t a l u m r a t h e r than by c o n d u c t i o n . T h i s e l i m i n a t e d the n e e d for 

zirconiujnn b r a z e b e t w e e n the t a n t a l u m s l e e v e and the c a r b i d e c u p . T h e r m a l 

t e s t i n g of t h i s type of e m i t t e r in Ce l l C' d e t e r m i n e d tha t c a r b i d e s u r f a c e 

t e m p e r a t u r e s up to about 1800 C could be a c h i e v e d . H o w e v e r , h i g h e r 

s u r f a c e t e m p e r a t u r e s r e s u l t e d in e x c e s s i v e t e m p e r a t u r e s for the i n n e r 

t a n t a l u m r a d i a t i n g s l e e v e . Add i t i ona l t h e r m i o n i c e m i s s i o n da t a b e c a m e 

a v a i l a b l e a t tha t t i m e which i n d i c a t e d tha t c a r b i d e s u r f a c e t e m p e r a t u r e s 

of 2000 C or h i g h e r m i g h t be r e q u i r e d for ef f ic ient c e l l p e r f o r m a n c e . 

It w a s a p p a r e n t , t h e n , tha t the r a d i a t i o n - h e a t e d e m i t t e r u 'ould not m e e t 

the n e c e s s a r y o p e r a t i o n a l r e q u i r e m e n t s . A c c o r d i n g l y , c o m p l e t i o n of C e l l 

C w a s d e l a y e d un t i l a s u i t a b l e e m i t t e r could be d e v e l o p e d . 

The s u r f a c e t e m p e r a t u r e l i m i t a t i o n i m p o s e d on the r a d i a t i o n - h e a t e d 

e m i t t e r w a s a d i r e c t r e s u l t of the l a r g e t e m p e r a t u r e d i f f e r e n c e r e q u i r e d 

b e t w e e n the t a n t a l u m s l e e v e and the c a r b i d e e m i t t e r to t r a n s p o r t the n e c ­

e s s a r y h e a t f luxes by r a d i a t i o n . Any a p p r e c i a b l e r e d u c t i o n in t h i s t e m p ­

e r a t u r e d i f f e r e n c e could only be a c h i e v e d by e m p l o y i n g conduc t ion h e a t 

t r a n s f e r . H e n c e , the bonded tantalu3XL-to-carbide type e m i t t e r w a s r e ­

e x a m i n e d . The c r i t i c a l f e a t u r e of t h i s e m i t t e r w a s the coupl ing of the 

t a n t a l u m s l e e v e to the c a r b i d e c u p . F o r the e m i t t e r s u s e d in C e l l s A and 

C, t h i s coupl ing w a s a c c o m p l i s h e d by m e a n s of a z i r c o n i u m b r a z e . - A 

th i ck w a l l (0 . 125 inch) c a r b i d e s e c t i o n w a s f i r s t p r e s s e d and f in i shed and 

then b r a z e d to the th in w a l l ( .020 inch) t a n t a l u m s l e e v e . The t h i c k c a r b i d e 

w a l l s •were n e c e s s a r y for s t r u c t u r a l s t ab i l i t y d u r i n g the f a b r i c a t i o n p r o c e s s . 

In add i t i on , t h i s t h i c k h i g h - c o n d u c t i v i t y s e c t i o n t ended to m a i n t a i n a m o r e 

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

o c c u r r e d at the b r a z e i n t e r f a c e . E x p e r i e n c e showed; h o w e v e r , tha t if a 

b r a z e i n t e r f a c e t e m p e r a t u r e of a p p r o x i m a t e l y 2150 C w a s e x c e e d e d o r if 

s m a l l c r a c k s o c c u r r e d in the c a r b i d e s e c t i o n , f u r t h e r c r a c k i n g u s u a l l y 
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developed with large a r ea fai lures in the t an ta lum- to -ca rb ide b r a z e . This 

led to la rge t empe ra tu r e differences on the emi t t e r surface and made the 

emi t te r unusable . 

The possibi l i ty of fabricating a thin wall carbide» thick wall tanta lum 

emi t te r was invest igated. By press ing the carbide m a t e r i a l d i rec t ly onto 

the tantalum, the necess i ty for the z i rconium b r a z e was e l iminated. Also , 

by finely grooving the tanta lum surface , a g rea t e r surface a r e a was 

establ ished for the carbide to adhere to the tan ta lum. Thus , even if 

cracking of the carbide occurred^ the interface bond might r emain in tac t . 

In addition, use of the thin section carbide moved the interface c lose r to 

the emi t t e r surface and reduced the interface t empera tu re to only slightly 

higher than the surface t e m p e r a t u r e . 

By late October 1961, the thin carbide wall emi t t e r was developed. 

A compromise had to be made; however , in the means of attaching the 

emi t te r to i t s support s t em. In o rde r to achieve a high densi ty in the 

p re s sed carbide (the high density was n e c e s s a r y to maintain a good bond at 

the carb ide- tan ta lum interface) ^ the long tantalum s tem could not be an 

in tegra l pa r t of the main tantalum emi t te r s t r u c t u r e . The p resence of the 

long s tem dras t ica l ly a l te red the heating c ha ra c t e r i s t i c s of the p ress ing 

die and resul ted in the formation of a low density carbide on port ions of the 

cyl indrical a r ea of the emi t t e r . The cojnpromise e m i t t e r - e m i t t e r s tem 

configuration is shown in F igu re A, 2. The emi t te r and s tem were fabr i ­

cated as separa te components . The s tem inse r t was machined to a tight 

sliding fit with respec t to the hole dr i l led in the emi t te r tanta lum. By 

heating the i n se r t , a diffusion bond was formed between the two tantalum 

sur faces . 

In November 196lj the th in -carb ide-wal l , s t e m - i n s e r t type of emi t te r 

was instal led in Cell C . The emi t te r thermocouple was inser ted and i t s 

cal ibrat ion checked by pyromete r up to 2000 C. The col lector was then 

welded to the base assembly to complete the cel l a s sembly . F ina l oat-

gassing of the complete cel l was under taken. At the completion of the 
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last outgassing p rocedure . Just p r io r to the admiss ion of ces ium, a leak 

developed in the e m i t t e r . 

The emi t t e r was removed from Cell C and sect ioned. Visual 

inspection revealed that a smal l hole had been mel ted in the t an ta lum in­

s e r t . It was a lso found that while good diffusion bonding had occur red 

over most of the i n se r t to emi t t e r in te r face , some a r e a s existed "where 

the bond was poor . The leak had occur red at one of these poorly bonded 

a r e a s . The cause of the local overheating of the tantalum i n s e r t then 

appeared to be a reduction in the t h e r m a l conductance at the hole location 

plus the possible niisalignnient of the hea t e r filament ^fhich could have 

locally inc reased the heat flux applied at the hole locat ion. 

Since an additional ce l l . Cell D , had been const ructed essent ia l ly 

COUCHrretitly with Cell C , the decis ion was made to d iver t effort to the 

t'onipletion of Cell D . 

2. > CELL D 

WMle Cell D employed the same type of emi t t e r a s Cell C , extensive 

testing indicated that with careful fi lament a l ignment , the emi t t e r should 

operate sa t i s fac tor i ly . Cell c losure was completed in December 1961 and 

the cel l placed in operat ion. The deta i l s of the per formance c h a r a c t e r i s t i c s 

of Cell D a r e presented in Section IV, 

2 .4 CELL E 

During January 1962, -work p rog re s sed on the a s sembly of Cel l E , 

Cell E employs a high puri ty nickel col lector capable of operat ing at 

t e m p e r a t u r e s of 600 C or h igher . Minor modifications a r e included in 

the cei l design (see F i g . A.3) to improve the o v e r - a l l s t ruc tu ra l s tabil i ty 

of the cel l and to i nc r ea se the pumping speed obtainable during outgassing. 

F u r t h e r experiment ing with the hot p re s s ing of high densi ty carb ide 

onto long solid tanta lum bodies resu l ted in the development of an improved 

emi t t e r design which should el iminate the uncer ta in t i es assoc ia ted with 

the th in -ca rb ide -wal l , s t e m - i n s e r t type of emi t t e r . The length of the 
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tantalum port ion of the emi t t e r has been inc reased sufficiently to pe rmi t 

a short length of support s t em to be machined a s an in tegra l p a r t of the 

emi t t e r . An additional length of support s t em i s then welded to the 

enaitter section to complete the emi t t e r a ssembly (see F i g . A . 4 ) . Test ing 

of th is th in -ca rb ide-wal l , i n t e g r a l - s t e m emi t te r has indicated sa t i s fac tory 

per formance and accordingly this type of emi t te r i s planned for use in 

Cell E . 
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III. DEVELOPMENT AND FABRICATION OF EMITTER MATERIAL 

The bas i s for the select ion of the emi t t e r m a t e r i a l used in this high 

t empera tu re thermionic conver te r was descr ibed in the previous r epor t 

(ref. 1). Also descr ibed there in were the developmental s tages in which 

the emi t t e r evolved from a right cyl indr ical carbide cup composed of 

th ree p ieces (2 tubes + 1 cup), through a two piece emi t t e r (1 tube + 1 cup 

of inc reased length)^ to a one piece right cylinder carbide cup, a l l of 

which were z i rconium brazed to a tantalum s leeve . 

The t rans i t ion of each of these s tages to the next involves an advance­

ment in the state of the a r t of fabrication as well as an el imination of 

Sonne undesirable physical cha rac t e r i s t i c s of the emi t t e r des ign. The use 

of these th ree types of e m i t t e r s , which a r e thick carbide bodies (-~'0. 1Z5 inc 

bonded to a thin (0.020 inch) tantalum tube, r equ i r e s high t e m p e r a t u r e s at 

the carb ide- tan ta lum interface to achieve the des i r ed t e m p e r a t u r e of the 

carbide emitting sur face . This i s because the heating of the emi t t e r i s 

caused by e lect ron bombardment of the inside of the tanta lum sleeve and 

conduction heating of the ca rb ide . The major pa r t of the t e m p e r a t u r e d rop 

is in the carbide body which has a lower t h e r m a l conductivity than tan ta lum. 

As a resul t j the brazed interface a r e a between the carbide and the tantalum 

opera tes close to i t s failure t empe ra tu r e in o rde r to inaintain the high 

eixiitter surface t e m p e r a t u r e . A radiant -heated carbide emi t te r was 

developed during this report ing period to resolve this p rob lem. This 

emi t te r did alleviate the sources of difficulties assoc ia ted with the b razed 

joint since the carbide and the tantalum were not in d i r ec t contact; however^ 

the required heat flux could not be t r ans f e r r ed from the tanta lum to the 

carbide without excess ive vaporizat ion of the tantalum because of the low 

the rma l emiss ivi ty of the tantalum sur face . 
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Cont inued e f fo r t s w e r e then m a d e to r e s o l v e t h e s e p r o b l e m s by h o t -

p r e s s i n g the c a r b i d e d i r e c t l y onto t a n t a l u m , t h u s e l i m i n a t i n g the z i r c o n i u m 

b r a z e ; and by d e c r e a s i n g the t h i c k n e s s of the c a r b i d e whi le i n c r e a s i n g tha t 

of t h e t a n t a l u m , t h u s r e d u c i n g the t e m p e r a t u r e a t t h e c a r b i d e - t a n t a l u m 

i n t e r f a c e for a g iven e m i t t i n g s u r f a c e t e m p e r a t u r e . 

P r e v i o u s e x p e r i e n c e in hot p r e s s i n g 10:90 m o l e - % U C - Z r C d i r e c t l y 

onto t a n t a l u m s u p p o r t s had b e e n ga ined d u r i n g the p r e p a r a t i o n of s a m p l e s 

for the s tudy of the t h e r m i o n i c e m i s s i o n of c a r b i d e m a t e r i a l s . T h i s i n ­

vo lved the hot p r e s s of the above m a t e r i a l d i r e c t l y in to a r e c e s s e d t a n t a l u m 

d i s h of flat s u r f a c e g e o m e t r y . Hot p r e s s i n g the c a r b i d e s onto s u p p o r t s of 

c y l i n d r i c a l g e o m e t r y ; h o w e v e r , had n e v e r b e e n a t t e m p t e d p r i o r to t h i s 

p r o g r a m . To d e m o n s t r a t e the f ea s ib i l i t y of such a p r o c e s s , s e v e r a l 

e x p e r i m e n t s w e r e conduc ted u s i n g t a n t a l u m s l e e v e s m a c h i n e d to the 

a p p r o x i m a t e d i m e n s i o n s of the e m i t t e r d e s i g n and wi th g r o o v e s cut in to 

the c y l i n d r i c a l and top flat s u r f a c e s . A s c h e m a t i c of the hot p r e s s i n g d ie 

i s i n d i c a t e d in F i g u r e A . 5 (a ) . The m u l t i - g r o o v e d t a n t a l u m p r o v i d e s a 

g r e a t e r s u r f a c e a r e a for the c a r b i d e to a d h e r e . T h e f in i shed c a r b i d e 

l a y e r i s a p p r o x i m a t e l y 0 , 0 2 0 inch th i ck , a s m e a s u r e d f r o m the O . D . of 

the t a n t a l u m t u b e . T h e g r o o v e s in the t a n t a l u m a r e 0 . 0 2 0 inch d e e p 

X 0 . 0 2 0 inch wide and a r e s e p a r a t e d f r o m e a c h o t h e r by™" 0 . 0 2 0 i n c h . 

The o u t s i d e d i a m e t e r of the p r e s s e d c a r b i d e e m i t t e r w a s p u r p o s e l y i n ­

c r e a s e d to 0 . 6 8 5 inch for s e v e r a l r e a s o n s . F i r s t , t h r o u g h e x p e r i e n c e , 

h i g h e r d e n s i t y of the c a r b i d e can be a c h i e v e d by d e c r e a s i n g the l e n g t h - t o -

d i a m e t e r r a t i o and; s e c o n d l y , cu t t ing the d i a m e t e r of the p r e s s e d c a r b i d e s 

to the d e s i r e d va lue e x p o s e s m a t e r i a l wh ich i s c l e a n e r t h a n the a s - p r e s s e d 

s u r f a c e s . 

Af te r the hot p r e s s i n g of c a r b i d e a r o u n d a c y l i n d r i c a l s u p p o r t had 

b e e n d e m o n s t r a t e d to the f e a s i b l e , the f in i shed e m i t t e r w a s d e v e l o p e d 

t h r o u g h s e v e r a l s t a g e s . I n i t i a l l y i t w a s i n t ended to l eave a half inch of 

t h i c k t a n t a l u m tube be low the c a r b i d e , a s i n d i c a t e d in F i g u r e A . 5(a), f r o m 
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which the s t e m could be m a c h i n e d and then b r a z e d to a t a n t a l u m tube for 

s u p p o r t . T h i s b r a z e w a s to be m a d e a t t he l o w e r end of the th in w a l l 

t h e r m a l b a r r i e r in o r d e r to m a i n t a i n the b r a z e a t l o w e r t e m p e r a t u r e s . 

Sec t ion ing such an e m i t t e r r e v e a l e d d i s t o r t i o n s of t h e t a n t a l u m c u p . 

R a d i o g r a p h s i n d i c a t e d tha t d u r i n g the hot p r e s s i n g , the t a n t a l u m flowed 

o u t w a r d l y t o w a r d the w a l l of the g r a p h i t e d i e . T h i s i s d e s i r a b l e b e c a u s e 

the flow of the t a n t a l u m h e l p s to dens i fy the c a r b i d e m a t e r i a l in the c y l i n ­

d r i c a l a n n u l a r s p a c e . In o r d e r to c o m p e n s a t e for t h i s , it w a s d e c i d e d tha t 

the v e r t i c a l w a l l on the t a n t a l u m tube should be t a p e r e d b e f o r e p r e s s i n g . 

It w a s a l s o felt tha t the e m i t t e r could be p r e s s e d with a t h i ck t a n t a l u m 

tube which w a s long enough so tha t i t s l o w e r p o r t i o n could be m a c h i n e d into 

the f o r m of the s u p p o r t s t e m ( see F i g . A . 5(b)) . T h i s would e l i m i n a t e the 

d e v e l o p m e n t a l w o r k n e e d e d in m a k i n g the b r a z e d jo in t b e t w e e n the t a n t a l u m 

s l e e v e and the t a n t a l u m s t e m . The i n n e r ho le in the t a n t a l u m tube in 

F i g u r e A . 5(b) c o n s t i t u t e s the e l e c t r o n gun c o m p a r t m e n t and a l s o p r o v i d e s 

the v a c u u m t i g h t n e s s b e t w e e n the e l e c t r o n gun and c e l l . 

The hot p r e s s i n g of such an e m i t t e r , a s shown in F i g . A . 5(b), w a s 

a c c o m p l i s h e d but had one m a j o r faul t . In o r d e r to inc lude the long t a n t a ­

l u m tube in the g r a p h i t e d i e s , the p l u n g e r s had to be l e n g t h e n e d . T h i s 

d r a s t i c a l l y changed the h e a t i n g c h a r a c t e r i s t i c s of the die and , t h u s , the 

d e n s i t y of the c a r b i d e in the c y l i n d r i c a l p o r t i o n of the e m i t t e r . E l e c t r o n 

b e a m hea t i ng ot such an e m i t t e r 'in a c e l l r e v e a l e d tha t th i s low d e n s i t y 

p o r t i o n t ended to f u r t h e r s in te r , ' | causjing a: r e d u c t i o n in vo lunie and s e p a r a -
! 

^ ( i 

t ion of the c a r b i d e f r o m the tantalum. ' , T h i s r e s u l t e d in an e x c e s s i v e t c m p -
i I . . ' 

e r a t u r e g r a d i e n t on the e m i t t e r s u r f a c e , 
!̂ III W" 

T h i s e x p e r i m e n t c l e a r l y indicate 'd tha t a h igh d e n s i t y of the p r e s s e d 
''• I' l ' [ I 

c a r b i d e m u s t be m a n i t a i n e d . In c o n s i d e r i n g th i s fac t , it w a s s u r n n s e d 
i ! i'!| li ll 

tha t the b e s t p o s s i b l e p r e s s i n g condit io 'ns would be to e l i m i n a t e the t a u t a -
n ' 'Ml ! , 

l um s t e m , t h e r e b y a l lowing good hea t ing c h a r a c t e r i s t i c ot the die d u r i n g 
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hot p r e s s i n g . The p l a s t i c i t y of the t a n t a l u m a t p r e s s i n g t e m p e r a t u r e s 

c l o s e l y s i m u l a t e s a cond i t ion m u c h l ike h y d r o s t a t i c p r e s s i n g and , t h e r e ­

f o r e , l e a d s to good d e n s i f i c a t i o n of the c a r b i d e . 

P r e s s i n g the c a r b i d e e m i t t e r m a t e r i a l onto a so l id t a n t a l u m c y l i n d e r 

( s ee F i g . A . 5(c)) p o s e d the p r o b l e m of how to j o i n the e m i t t e r to the s t e m 

to p r o v i d e v a c u u m t i g h t n e s s . T h i s p r o b l e m w a s so lved by d r i l l i n g the 

c y l i n d e r a f t e r the hot p r e s s i n g and i n s e r t i n g a m a c h i n e d ( 0 . 0 2 0 inch w a l l 

t h i c k n e s s ) t a n t a l u m i n s e r t . T h i s i n s e r t w a s c a r e f u l l y m a c h i n e d to a t igh t 

s l id ing f i t . 

By h e a t i n g the i n s i d e of t h i s i n s e r t wi th the e l e c t r o n gun, the i n s e r t 

w a s e x p e n d e d in to the t a n t a l u m c y l i n d e r a n d , a t h igh t e m p e r a t u r e in a 

v a c u u m of 10 mnn Hg , a di f fusion bond w a s f o r m e d b e t w e e n the two 

t a n t a l u n i s u r f a c e s . Sec t i on ing such a n e n i i t t e r r e v e a l e d a d i f fus ion bond 

w a s a c h i e v e d . 

S e v e r a l e m i t t e r s w e r e p r o d u c e d in t h e above m a n n e r and p r o v e d to 

be a b l e to m e e t the o p e r a t i n g c o n d i t i o n s . T h e f i r s t e m i t t e r w a s i n c o r ­

p o r a t e d in c e l l C ' but f a i l ed . A n a l y s i s of t h e f a i l u r e i n d i c a t e d a m e l t e d 

a r e a on the i n n e r t a n t a l u m i n s e r t w h i c h w a s s u r m i s e d to be the r e s u l t of 

f i l a m e n t i n i s a l i g n n n e n t . T h e s e c o n d e m i t t e r w a s i n s t a l l e d in C e l l D and 

the f i l amen t w a s c a r e f u l l y a l i g n e d . T h i s c e l l w a s t h e n o p e r a t e d for 400 

h o u r s ( r e f e r to S e c t i o n I V ) . 

In o r d e r to i n c r e a s e the r e l i a b i l i t y of t h i s type of e m i t t e r , f u r t h e r 

e x p e r i m e n t a t i o n w a s a c c o m p l i s h e d to d e v e l o p an e m i t t e r w h i c h \vould 

e l i m i n a t e the i n s e r t type s u p p o r t s t e m . In t h i s e m i t t e r t h e c a r b i d e i s ho t 

p r e s s e d d i r e c t l y to a long t a n t a l u m c y l i n d e r . T h e b o n a b a r d m e n t h e a t i n g 

cav i t y and a s h o r t s t e m i s m a c h i n e d a f t e r hot p r e s s i n g . The s h o r t s t e m 

i s t hen e l e c t r o n - b e a n a w e l d e d to an a d d i t i o n a l s u p p o r t i n g s t e m . Such an 

e m i t t e r h a s b e e n f a b r i c a t e d , t e s t e d t h e r m a l l y and i n s e r t e d i n C e l l E for 

te s t i n g . 

file:///vould
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IV. OPERATION AND LIFE TESTING OF CELL D 

4 . 1 CELL PREPARATION 

Cell D was completely assembled on December 13, 1961 and baked 

out for a period of 24 hours at t e m p e r a t u r e s in the range of 3 50 C - 400 C. 

The cel l p r e s s u r e at the end of this period was 8 x 10 mm Hg. In 

addition, the individual cel l pa r t s ( i . e . the copper col lec tor , base a s sembly 

and emit ter ) had undergone separa te and extensive outgass ing. The 

col lec tor , for example , was outgassed pr ior to a s sembly for over 24 hours 

at 400 C. The emi t t e r was then operated in vacuo at 2273 K for two 

h o u r s . The p r e s s u r e during this t ime var ied only slightly (from 1.1 x 
-5 -5 -6 

10 m m Hg to 1.4 x 10 mm Hg) and dec reased only to 9 x 10 m m Hg 

when the emi t t e r was re turned to room t e m p e r a t u r e . It was concluded 

that outgassing the cel l and emi t t e r had reached the point of diminishing 

r e t u r n . That i s , for th ree or more days of further outgassing, p r e s s u r e 

might be reduced by a factor of t h r e e . 

At this point, the ces ium ampule was mechanical ly c rushed . Only a 

momenta ry and slight i nc rease in cel l p r e s s u r e was noted, indicating the 

entrained gas in the ampule was min imal . The high t empera tu re -h igh 

vacuum, valve was secured and the ces ium was allov/ed to bake in. After 

18 h o u r s , the cel l impedance had dropped from 3 50 megohms to an &.bsolute 

shor t . The shor t was found to be caused by an accumulation of ces ium in 

the i n t e r - e l ec t rode spacing. 
4 .2 PRELIMINARY INVESTIGATIONS 

4 . 2 . 1 Operat ion and Ins t rumenta t ion 

A var ie ty of emi t t e r t e m p e r a t u r e s 

vest igated during the f irs t 30 hours of ce 

and ces ium p r e s s u r e s was in-

11 operat ion. It was f irs t 

establ ished that the cel l impedance should be higher than the load impedance 
3 

by a factor of at leas t 10 . F igu re A. 6 i l lus t r a t e s an instance where the 
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F i g . A , 6 - - V o l t a g e - c u r r e n t c h a r a c t e r i s t i c s of l o w - i m p e d a n c e c e l l . 
T = 1603 K. H o r i z o n t a l a x i s 20 m i l l i a m p s / d i v i s i o n 

E 

OSCILLOSCOPE 

CELL 

•CALIBRATED 
LOAD 

^TRANSFORMER 

6 V 
60 CPS 

120 V 
6 0 CPS 

F i g . A . 7 - - I n s t r u m e n t a t i o n for con t inuous c e l l c h a r a c t e r i s t i c s 
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cel l impedance was 250 ohms (approximately) and the load impedance was 

25 ohms^ The ohmic cha rac t e r of a cel l under these conditions has 

masked the available useful information, such a s : the saturated thermionic 

cu r ren t , the ion cu r ren t magnitude, and the value of the open c i rcui t 

vol tage. 

A cel l impedance of 5 kilohms was obtained by an adjustment of 

ces ium control t empera ture^ insula tor and collector t e m p e r a t u r e . More ­

over , the load impedance was reduced to minimize any possible cell 

cu r r en t shunting to ground. 

The cel l was ins t rumented for continuous monitoring of the c u r r e n t -

voltage output as schemat ical ly indicated in F igure A. 7. A se r i e s of 

osci l lographs were then taken with the ces ium control t empe ra tu r e main­

tained constant at 175 C. The emi t te r t empera tu re was var ied from 1323 K 

to 2118 K, F i g u r e s A. 8 through A. 19 display the cel l output cu r ren t and 

vol tage. 

In the course of invest igation, high frequency osci l la t ions were ob­

served in the DC power quadrant . The osci l lat ions a r e shown in F i g u r e s 

A. 18 and A. 19. As indicated^ they r ep re sen t only a snriall port ion of the DC 

output. 

The method of driving the cell with a 60-cycle t r a n s f o r m e r and 

recording the output on osci l lographs yields a good deal of information 

expediently. The accuracy of in terpre t ing the p ic tu res ; however, is 

quest ionable. Moreover j as high cu r ren t levels of the cel l a r e approachedj 

occasional a r c d i scharges a r e observed in the applied voltage quadrant 

(see F i g s . A. 11 and A. 13). Inves t iga tors have noted cur ren t dens i t ies 
2 

in the range of 50 a m p s / c m (see ref. 2). Applying positive voltage by 

way of heavy duty t r a n s f o r m e r s could conceivably overheat a low t e m p e r a ­

tu re (copper) co l lec tor . 

The cel l was , the re fo re , ins t rumented differently^ as indicated in 

F igure A, 20. Available in this a r rangement i s the power quadrant alone. 

Because of the finite but low res i s t ance of the lead l ines and bus bars^ the 
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'J'A 

F i g . A . 8 - - Vol tage-current c h a r a c t e r i s t i c s for T . 1323°K. Horizontal 
axis 1 vol t /divis ion. Vert ical axis 10 mi lUamps/d iv i s ion . 

F i g . A. 9 - - Voltage-cur rent cha r a c t e r i s t i c s for T =. 1520°K, Horizontal 
axis 1 vol t /d ivis ion. Ver t ica l axis 20 mi l l i amps /d iv i s ion . 
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F i g . A. 10 - - Vol tage-current cha rac t e r i s t i c s for T . 1598°K. Horizontal 
axis 1 vol t /d ivis ion. Ver t ica l axis 50 m i l b a m p s / d i v i s i o n . 

F i g . A. 11 -_ Vol tage-cur ren t c ha r a c t e r i s t i c s for T . 1696°K. Horizontal 
axis 1 vol t /d ivis ion. Ver t ica l axis 100 mi l l i amps /d iv i s ion . 
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F i g . A. 12 - - Vol tage-cur ren t cha rac t e r i s t i c s for T := 1763°K. Horizontal 
axis 1 vol t /d ivis ion. Ver t ica l axis 200 mi l l i amps /d iv i s ion . 

F i g . A. 13 - - Vol tage-cur ren t c h a r a c t e r i s t i c s for T = 1863°K, Honzon ta l 
axis 1 volt /division Vert ical axis SUO mi l l i amps /d iv i s ion . 
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F i g . A . 14 - - V o l t a g e - c u r r e n t c h a r a c t e r i s t i c s for T = 1953 K, H o r i z o n t a l 
a x i s 1 v o l t / d i v i s i o n . V e r t i c a l a x i s 5 a m p s / d i v i s i o n . 

F i g . A . 15 - - V o l t a g e - c u r r e n t c h a r a c t e r i s t i c s for T „ = 2028 K, Hoi izc in ta l o ^ E 
a x i s 1 v o l t / d i v i s i o n . V e r t i c a l a x i s 5 a m p s / d i v i s i o n . 
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A. 16 - Vol tage-cur ren t cha r a c t e r i s t i c s for T = 2071°K. Horizontal 
axis 1 vol t /d iv is ion. Ver t ica l axis 5 amps/divis 

L S i o n . 

F i g . A. 17 »» Vol tage^current c h a r a c t e r i s t i c s for T = 2118°K. Horizontal 
axis 1 vol t /d iv is ion. Ver t ica l axis iC 'amps /d iv i s ion . 
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F i g . A. 18 - - Osci l la t ions in DC power quadrant . F requency = 59 KC, 
AC power about 10 percent of DC (ref. F i g . A. 14) 

A. 19 __ Osci l la t ions in DC power quadrant . F requency = 660 KC. 
AC power about 10 percent of DC (ref. F i g . A. 16) 
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VOLTMETER 
CAUl RATED 

SHyHT 

MICRO 
VOLTMETER 

F i g . A.20 - - Ins t rumenta t ion for de termining power quadrant c h a r a c t e r i s t i c s . 
Micro vol tmeter m e a s u r e s voltage d rop a c r o s s prec is ion shunt to 
de te rmine cel l c u r r e n t . 

- 0 5 - I® -I .S - t ® 

CELL VOLTAGE IVOLTS) 
- t . t 

F i g . A, 21 - - Cell cu r ren t ve r sus cel l voltage for T =2173 K, 
P ^ = 3 X 10"2 mm He, and T ^ 

Cs Gs 
ft OC 
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exact short c i rcui t cu r r en t is not avai lable . F igu re A. 21 is a s tandard plot 

of cu r r en t v s . voltage for an emi t t e r t empera tu re of 2173 K and ces ium 

control t e m p e r a t u r e of 175 C. F igu re A. 21 also r e p r e s e n t s the maximum 

power output of Cell D. 

4 . 2 . 2 Short Circui t Cur ren t s 

A summary plot of the short c i rcui t cu r ren t s is shown in F igure A.22s 

together with vacuum emiss ion data for 10:90 mol-% UC~ZrC obtained in 

this l abora to ry . These data a re the resu l t of numerous measu remen t s 

made from many samples of this pa r t i cu la r carbide composition supplied 

by the meta l lu rg ica l group supporting this project effort. 

4 . 2 . 3 Ces ium P r e s s u r e Effects 

P rev ious experience in the operat ion of ces ium cel ls suggested that 

the power output could be increased by higher ces ium control t e m p e r a t u r e s 

(see r e f s , 2 and 3). F igu r e s A. 23 through A. 26 a re cur ren t v s . voltage 

plots for the indicated emi t t e r t e m p e r a t u r e s and ces ium control t e m p e r a ­

tu re of 225 C. A diminution of cel l cu r ren t was immedia te ly observed. 

Comparing F i g u r e s A. 26 and A. 21 for the same emi t t e r t empera tu re but 

different control t e m p e r a t u r e s indicates that , at the higher control t e m p e r a ­

t u r e , the cel l output is reduced by a factor of two. F igu re s A, 27 through 

A. 30 show a further reduction in cell output at higher control t e m p e r a t u r e s 

of 275 C. Cont ra ry to other findings (see ref. 4) that the output at twice 

the ces ium control t empe ra tu r e is higher by factors of 2 or 3 , the cell 

output had fallen by a factor of 5. To establ ish that this t rend was not 

i r r e v e r s a b l e , the ces ium control t empera tu re was re turned to previous 

values in an at tempt to repeat e a r l i e r observations. F igu re s A, 31 through 

A. 33 confirm the f i rs t observat ions for the appropria te operating 

conditions and include reference to previous figures for the purpose of 

compar i son . It appears j then^ that the re is an unresolved conflict of data 

which should be subjected to further exper iment . 

A composite plot of cel l output in watts as a function of emi t te r 

t empera tu re for constant control t empera tu re is shown in F igure A. 54. 
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4 . 2 . 4 Effective Emiss iv i ty 

The effective emiss iv i ty of the cel l over the ent i re range of emi t t e r 

t empe ra tu r e i s shown in F i g u r e s A. 35 and A. 36. The emiss iv i ty remained 

within the values of .35 to .43 and was , as expected, not a function of 

ces ium control t empe ra tu r e or col lector t e m p e r a t u r e . The effective 

emiss iv i ty is de termined by measur ing the total e lec t ron bombardment 

pow^er n e c e s s a r y to obtain a par t i cu la r emi t t e r t e m p e r a t u r e . If the cel l 

obeyed the condition of a black body ( i . e . an emiss iv i ty of unity), the 

amount of bombardment power requi red to yield this emi t t e r t empe ra tu r e 

is given by the Stephan-Boltzmann Law: 

^BB " ""^^ ^^^^'^ 

P = power in watts requi red to maintain a black body at 
tempe r a t u r e . 

(S - the Stephan-Boltzmann constant 

T = emi t t e r t empera tu re in K 

However, the power input to the emi t t e r for a given t empe ra tu r e is 

observed to be much l e s s than that for a black body. The rat io of the 

actual power input to the black body power is the effective emiss iv i ty for 

the ce l l . The m e a s u r e m e n t neglects smal l radiat ion and conduction lo s ses 

for the bombardment geomet ry . Including these losses would lower the 

effective emiss iv i ty sl ightly. Likewise , the cel l c i rcui t i s bes t left open 

to avoid Pe l t i e r l o s s e s . 

With the exception of reduced emiss ion at higher ces ium t e m p e r a t u r e s , 

the init ial behavior of Cell D compares quite favorably with planar geometry 

carbide cathodes operated in this l abora tory . The cell components such 

as the base assembly insulator operated at 350 C and were the rmal -cyc led 

in a ces ium environment extensively. The col lector operated at 3 25 C for 

one eight hour period and the ent i re ce l l ex te r ior was operated in vacuo of 
-7 

3 x 1 0 mm Hg. The cell was operated well below i ts available output 
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and the components within thei r design l imitat ions in o rder to proceed 

confidently with the life test ing p r o g r a m . 

4.3 LIFE TESTING 
« 

At the conclusion of the p re l imina ry invest igat ions, Cell D had 

operated a total of 30 h o u r s . In the in te res t of obtaining life data pe r ta in ­

ing to emi t te r in tegr i ty , cell output, effective emiss iv i ty and contact 

potential , the cell commenced continuous operat ion on December 27, 1961 

at a power level of 1 w a t t / c m . The conditions n e c e s s a r y to sustain this 

output were an emi t te r t empera tu re of 2103 K and ces ium vapor p r e s s u r e 

-2 

of 3 X 10 m m Hg. Within the f i rs t 24 hours of operation at these con­

di t ions , a slight decline of cell power was noted. F igu re A. 3 7 is offered 

as record of the cel l output as a function of continuing operat ion. After 

an elapsed t ime of 150 hou r s , the emi t t e r t empera tu re was increased to 

2203 K with the ces ium control t empe ra tu r e remaining at 175 C. The 

cell responded initially yielding 1.2 w a t t s / c m . Within 15 hour s , this 

input had fallen to about 1/2 w a t t / c m (the level previous to increas ing 

the emi t te r t empera tu re ) . Changes in emi t t e r t empera tu re of 3 00 C to 

400 C reflect only t r ans ien t i n c r e a s e s in the power level . 

To explain the decreas ing output of the cell it was postulated that • 

u ran ium carbide was vaporizing from the surface of the emi t t e r fas ter 

than the surface concentrat ion was being replenished by diffusion from the 

body of the emi t t e r . This would resu l t in a depletion of uran ium on the 

surface and an associa ted d e c r e a s e in e lect ron emiss ion . To tes t th is 

hypothesis advantage was made of the fact that the activation energy for 

vaporizat ion is g rea t e r than the activation energy for diffusion, as general ly 

observed for most m a t e r i a l s . This means that the ra te of vaporizat ion 

changes more rapidly with t empe ra tu r e than does the ra te of diffusion and 
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suggests that some lower tem.perature could be found at which the diffusion 

of u ran ium to the surface would be more rapid than the vaporizat ion of 

u ran ium, thereby replenishing the surface uraniuna concentrat ion and 

increas ing the emiss ion . The emi t t e r t empera tu re was , the re fore , de­

c reased to 1273 K for a period of 20 hours to allow surface uran ium 

replenishment . Upon returning the emi t te r t empe ra tu r e to 2103 K the 

power output had increased by a factor of 2, but dropped rapidly (3 to 4 

hours) to i ts value before the replenishment t r e a t m e n t . Another low t e m ­

pe ra tu re t r ea tmen t was performed at 1673 K for five hours with s imi la r 

r e s u l t s , that i s , an ini t ial i nc rease in emiss ion followed by a rapid d rop ­

off to i t s value before the low t empera tu re t r e a tmen t . Two facts now be ­

came apparent which contradict the vaporizat ion - diffusion explanation 

of the dec reased output: 

(1) The output in both cases rapidly re turned to i ts value 

before the low t empe ra tu r e t r e a tmen t . In the ex t reme 

case where the diffusion 'was continued until no concen­

t ra t ion gradient remained it would be expected that the 

output would re tu rn to i ts original value of 1 w a t t / c m 

and would then decay according to the same ra te 

observed e a r l i e r . Although the diffusion t r ea tmen t s 

conducted did not yield the original output, they 

should have resul ted in some in termedia te value of 

r ecovery , and the same ra te of decay. This would 

have meant that some permanent effect of the t r e a t ­

ment should be observed, which was not the c a s e . 

(2) The ra te of decay appeared to be independent of 

t empera tu re as evidenced by the continuation of the 

line in F igu re A. 37 without any change of slope when 

the emi t t e r t empe ra tu r e •was changed from 2103 K to 

2203 K. Since both the ra te of vaporizat ion and the 
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r a t e of diffusion a r e strongly t e m p e r a t u r e dependent , 

it would follow that any balance between the two would 

a l so be t e m p e r a t u r e dependent . There forc j if the 

decay of output were governed by a balance between 

vaporizat ion and diffusion, the r a t e of decay would 

have been t e m p e r a t u r e dependent, 

4 . 3 . 1 Observat ion of T r u e E m i t t e r Work Funct ion 

Seeking further to explain the reduct ion in ce l l output, some s imple 

m e a s u r e m e n t s were taken on the cel l to de te rmine the emi t t e r work 

function via the scheme of Pe l t i e r cooling. The evaporat ion of e lec t rons 

from emitt ing sur faces has been analyzed in the l i tera ture» The result^ 

known a s Pe l t i e r cooling, i s given analyt ical ly a s 

where 

Q „ = the energy loss in watts by e lec t rons evaporat ing 
from, the emitt ing surfaces 

J = the cu r r en t in a m p e r e s appropr ia te to the emitt ing 
t empe ra tu r e 

0 = emi t t e r work function in vol ts 

2k 
— - un ive r sa l constants of Boltzmann and the e lec t ron 

charge 

The measu remen t p rocedure i s as follows: At a given cel l con­

dition of known emi t t e r t empe ra tu r e and ces ium p re s su re^ the shor t 

c i rcui t cu r r en t i s de te rmined from, a voltage d rop a c r o s s a s tandard shunt. 

The bombardment power input to the cel l i s accura te ly m e a s u r e d for the 

given emi t t e r t e m p e r a t u r e . The cel l c i rcu i t i s then openedj the evapora ­

tion of e lec t rons from the emitting surface stops and the emi t t e r t e m p e r a ­

tu re immedia te ly r i s e s ( i . e . the emi t t e r thermocouple response in mi l l i ­

volts i s observed to i n c r e a s e and unbalance the potent iometer c i rcu i t that 
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m o n i t o r s the e m i t t e r t e m p e r a t u r e ) . The o p e r a t o r t hen d e c r e a s e s the b o m ­

b a r d m e n t p o w e r to the e m i t t e r by a suff ic ient anaount to r e b a l a n c e the 

p o t e n t i o m e t e r c i r c u i t . The new p o w e r input to the c e l l i s m e a s u r e d . 

ft 

The d i f f e r e n c e in e m i t t e r b o m b a r d m e n t p o w e r y e i l d s the a m o u n t of 

P e l t i e r cool ing d e r i v e d f r o m the e v a p o r a t i o n of e l e c t r o n s a t s h o r t c i r c u i t 

c u r r e n t (no c u r r e n t flow at open c i r c u i t ) . I m p o r t a n t to the m e a s u r e m e n t s 

i s the fact tha t any b o m b a r d m e n t l o s s e s f r o m r a d i a t i o n o r conduc t ion a r e 

v i r t u a l l y the s a m e o v e r the t e m p e r a t u r e r a n g e of e x p e r i m e n t . In the s a m e 

l ight , the e n t i r e e x p e r i m e n t i s by the m e t h o d of d i f f e r e n c e s : no s t a n d a r d 

o r r e f e r e n c e m e a s u r e m e n t s a r e r e q u i r e d . The r e s u l t s of the m e a s u r e ­

m e n t s a r e l i s t e d in T a b l e I . 

The a v e r a g e va lue of the w o r k funct ion ( inc luding the second o r d e r 

effects) i s 2 , 5 4 v o l t s . T h e a c c u r a c y in the m e a s u r i n g i n s t r u m e n t s i s 0 . 5 

p e r c e n t and the t e m p e r a t u r e d e t e r m i n a t i o n i s a c c u r a t e wi th in 2 p e r c e n t . 

It should be no ted t h a t t h i s d i r e c t m e a s u r e m e n t of w o r k funct ion y i e l d s 

a va lue tha t i s l o w e r t h a n e x p e c t e d and i s , in fac t , be low the va lue (about 

3 .04) c o n s i s t e n t wi th the c o n t a c t p o t e n t i a l o b s e r v e d in the c e l l . T h i s r e s u l t 

m a y be a n o m a l o u s ; if so , i t r e q u i r e s f u r t h e r a t t e n t i o n . 

The w o r k funct ion of a n e m i t t e r ob t a ined 3,n t h i s fash ion i s f r ee f r o m 

the e n c u m b e r i n g e m i s s i o n c o n s t a n t A in the R i c h a r d s o n equa t i on which i s 

s t r o n g l y d e p e n d e n t on s u r f a c e c o n d i t i o n s . R e s t a t e d , t h i s m e t h o d g u a r a n t e e s 

a t r u e m e a s u r e m e n t of the l o w e s t a v a i l a b l e w o r k funct ion of the e m i t t i n g 

s u r f a c e , r e g a r d l e s s of pa t ch e f f e c t s . The m o s t c a r e f u l m e a s u r e m e n t s 

(ref . 4) of the w o r k funct ion of 10:90 m o l - % U C - Z r C v i a v a c u u m ena i s s ion 

t e c h n i q u e s i s g iven a s 2 . 9 vo l t s p lus t e m p e r a t u r e d e p e n d e n t c o r r e c t i o n s 

not ye t g i v e n . The w o r k funct ion of u r a n i u m c a r b i d e h a s b e e n g iven a s 

2 . 9 4 + I . 1 X 1 0 " * T vo l t s ( ref . 5 ) . 

The m o s t conv inc ing a r g u m e n t for the r e d u c t i o n of t h e r m i o n i c e m i s ­

sion in Ce l l D i s the s m a l l f r a c t i o n a l a r e a a c t u a l l y e m i t t i n g wi th a w o r k 
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TABLE I 

Work function values for 10:90 MOL-% U C - Z r C 

emi t t e r 
t empe ra tu r e 

i n ° K 

2073 

2153 

2203 

2223 

2Z93 

2323 

J 
in amps 

1.20 

2 . 5 

2.88 

3 . 4 

5.26 

9.82 

• \ 

m watts 
3 .48 

6 . 6 

6.42 

9.52 

' l 5 . 0 9 

30 ,04 

e 
in volts 

.352 

.366 

.375 

.378 

. 3 9 

.395 

in volts 

2 .55 

2 .27 

2.86 

2.42 

2 .48 

2.66 

0= 2.54 volts 
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funct ion of 2 , 5 4 v o l t s . Of the r e m a i n i n g a v a i l a b l e a r e a , t h e r e i s a m a r k e d 

t e n d e n c y , wi th t i m e p a s s a g e , to h i g h e r w o r k funct ion by the a c c u m u l a t i o n 

of unknown a g e n t s t h a t r a i s e the w o r k funct ion b a r r i e r , h e n c e aba t ing the 

flow of e l e c t r o n s . I t i s a l s o p o s s i b l e t ha t t he p l a s m a h a s b e c o m e d i lu ted 

wi th g a s e s t ha t a r e c r e a t i n g u n d e s i r a b l e c o l l i s i o n s o r s c a t t e r i n g of e l e c t r o n s 

in t r a n s i t to the c o l l e c t o r , h e n c e l o w e r i n g the c u r r e n t output of the c e l l , 

4 . 3 . 2 S u m m a r y 

R e v i e w i n g the life t e s t i n g r e c o r d of the c e l l , the r e s u l t s a r e l i s t e d 

a s fo l lows : 

1. The effect ive e m i s s i v i t y of the c e l l at v a r i o u s 

e m i t t e r t e m p e r a t u r e s f r o m 1673 K to 2273 K 

r e m a i n e d in the r a n g e , 3 5 to . 43 d u r i n g the 

400 h o u r s of c e l l o p e r a t i o n . F i g u r e A . 38 i s 

a r e c o r d of t h e s e d a t a . 

2 . The e m i t t e r i n t e g r i t y h a s b e e n m a i n t a i n e d 

th roughou t the life t e s t and t h e r e h a s b e e n no 

e v i d e n c e of d e t e r i o r a t i o n o r m a t e r i a l f a i l u r e . 

The w o r k funct ion m e a s u r e m e n t s t a k e n a f t e r 

350 h o u r s of con t inuous o p e r a t i o n y i e lded a 

w o r k funct ion of 2 . 5 4 v o l t s . The cop tac t 

p o t e n t i a l h a s r e m a i n e d about 1,2 v o l t s , which 

added +o +he w o r k function of c e s i u m ( 1 . 8 vo l t s ) 

y i e l d s an a p p r o x i m a t e va lue of the e m i t t e r w o r k 

func t ion . 

3 . The ce l l output i s loWj h o w e v e r , t he o b j e c t i v e s 

sought m I t e m s 1 and 2 w e r e c o n s i d e r e d suff ic ient 

to a l low con t inuous ce l l o p e r a t i o n at low p o w e r . 

M o r e o v e r , a s the ce l l o p e r a t e d , v a r i o u s p o s s i b l e 

c a u s e s for -̂hi s a d v e r s e b e h a v i o r w e r e s y s t e m ­

a t i ca l ly e l i m i n a t e d . 
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V. SUMMARY AND CONCLUSIONS 

5.1 SUMMARY OF EMITTER FABRICATION TECHNIQUES 

A grea t amount of effort was placed initially on new techniques of 

fabricating the emi t t e r . The e a r l i e r techniques called for the separa te 

fabricat ion of a tanta lum sleeve and of a carbide cup (emi t te r ) . The c a r ­

bide cup was to be placed over the sleeve with a snug fitj and a meta l lu rg ica l 

bond had to be c rea ted between the inner surface of the carbide cylinder and 

the outer surface of the tantalum s leeve . There was two drawbacks to this 

design. One was that the carbide cup had, of necess i ty , to be about 1/8 

inch thick. Since heat had to be del ivered from the inner surface of the 

cup to the outer surface^ a la rge t empera tu re d rop , of the o rde r of 200 C, 

had to be susta ined. It was evident that a much thinner carbide cup would 

allow for a reduced t empera tu re drop and therefore a lower inner surface 

t e m p e r a t u r e . This "was an impor tant objective because the upper t e m p e r a ­

tu re l imit of the ca rb ide- to - tan ta lum bond had been prqven to be 2100 C. 

Since outer surface t e m p e r a t u r e s of 2000 C had to be obtained in the t e s t ­

ing p r o g r a m , the inner bond t empe ra tu r e had to be r a i sed above the 

c r i t i ca l l imi t . On the other hand, the fabrication of a v e r y thin carbide 

cup could not be at tempted because of the chances of breakage during fab­

r ica t ion or a s sembly , A second factor was the p rob lem of forming the bond 

between the p re - fabr ica ted cup and s leeve . 

Because of these l imitat ions and difficulties, a completely new 

scheme of fabrication was a t tempted. This has proven to be successful 

and we now believe that this difficult m a t t e r , which has bese t our p r o g r a m 

since the beginning, has been sat isfactor i ly reso lved . The new scheme 

cal ls for the simultaneous fabrication of the sleeve and emi t t e r , A cylinder 

of tanta lum is embedded in the die chamber used for the hot p ress ing of the 

carbide powder. The carbide powder is added to the chamber so that it 
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fully surrounds this tantalum slug and vibration techniques are used to 

achieve a very high density of powder in the outer zone. Tem.perature 

and pressure are then applied and the carbide powder is compacted direct­

ly onto the tantalum piece; thus producing carbide shells of very high 

density. Next, the desired size and shape are achieved by further machin­

ing. The tantalum cylinder is drilled out so that it assujxies the form of 

an open sleeve and the outer shell of carbide is cut down to size by use of 

a cavitron. Since the bond has already been formed, the thickness of the 

carbide can, in principle, be made arbitrarily small without fear of 

breakage. 

Preliminary tests of this new structure showed an excellent bond 

and a resistance to bond breakage in cycling. These tests showed also 

that, since the carbide thickness had been greatly reduced, the whole 

system could be operated at full surface temperature without exceeding 

the theoretical bond limit. Several emitters of this kind have been made 

and tested, and reproducibility of the process has been proven. 

Once the new emitter fabrication technique was fully proven, the 

cell assembly program, which had been held in abeyance for a suitable 

emitter, was resumed. The em.itter was also tested for thermionic 

emission characteristics and found to agree, within a factor of l / 2 , with 

prior measurements on emission characteristics for the 10:90 mole - % 

UC-ZrC composition. While this was a lower performance than desired, 

it was decided that the best course of action was to proceed with cell 

assembly since we still have to acquire information on the perforinance 

of the emitter in the cell environment. The copper collector was in­

stalled, the systena was well baked and outgassed, a vac-ion pump was 

employed for the first time to achieve low pressure during the bakeout 

schedule and, after a low pressure was achieved at full operating temp­

erature, the cell was sealed and the cesium ampule was broken. 
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5 , 2 SUMMARY O F C E L L O P E R A T I O N 

D e t a i l e d a n a l y s i s of c e l l o p e r a t i o n i s g iven in the r e m a i n i n g s e c t i o n s 

of t h i s r e p o r t . In t h i s s e c t i o n we s u m m a r i z e only the s p e c i a l p o i n t s of 

i n t e r e s t wh ich w e r e o b s e r v e d . F i r s t , a r e l a t i v e l y low va lue of o p t i c a l 

e m i s s i v i t y w a s o b s e r v e d for the e m i t t e r d u r i n g a l l p r i o r c a l i b r a t i o n t e s t s . 

The va lue of t o t a l e m i s s i v i t y w a s about 0 . 4 . Whi le v a l u e s n e a r l y t h i s low 

had b e e n o b s e r v e d b e f o r e , we h a d u s u a l l y found t h a t t he e m i s s i v i t y r o s e 

in v a l u e to n e a r l y un i ty in c e l l o p e r a t i o n . D u r i n g the full p e r i o d of t e s t s 

of t h i s new c e l l the low va lue of e m i s s i v i t y w a s p r e s e r v e d . S ince t h i s i s 

t he f i r s t t i m e tha t such a low va lue h a s b e e n ob t a ined and m a i n t a i n e d in 

o p e r a t i o n , we canno t a s s e r t t h a t we know the f a c t o r s t h a t would g u a r a n t e e 

a c h i e v i n g t h e s a m e r e s u l t a g a i n . H o w e v e r , the fact tha t low e m i s s i v i t y 

w a s a c h i e v e d t h i s t i m e shows t h a t ob ta in ing low v a l u e s i s p o s s i b l e in 

p r a c t i c e , and in any con t inu ing p r o g r a m a t t e n t i o n w i l l be devo t ed to t h i s 

p o i n t . 

Second , v o l t a g e c u r r e n t d i a g r a m s w e r e ob ta ined giving e v i d e n c e of 

the t h e o r e t i c a l c o n t a c t p o t e n t i a l and s p a c e c h a r g e n e u t r a l i z a t i o n , the two 

f a c t o r s which deno t e c o r r e c t t h e r m i o n i c po'wer g e n e r a t i o n . C o n t a c t p o t e n ­

t i a l and s p a c e c h a r g e n e u t r a l i z a t i o n w e r e o b s e r v e d t h r o u g h o u t the t e s t . 

T h i r d , the e f fec t s of c e s i u m v a p o r p r e s s u r e w e r e o b s e r v e d but w e r e 

found to be in conf l ic t wi th the r e s u l t s of p r i o r s t u d i e s a t G e n e r a l A t o m i c . 

The p r i o r s t u d i e s i n d i c a t e d s o m e e n h a n c e m e n t of c e l l p o w e r a s c e s i u m p r e s -

s u r e w a s r a i s e d in a l l c a s e s . With t h i s c e l l , a p o w e r p e a k w a s found and 

f u r t h e r i n c r e a s e of c e s i u m p r e s s u r e c a u s e d a r e d u c e d ou tpu t . T h i s conf l ic t 

b e t w e e n t h i s t e s t r e s u l t and t h o s e found in o t h e r c e l l t e s t s r e m a i n s to be 

r e s o l v e d . It i s to be noted tha t the p e r f o r m a n c e f i g u r e s for the new c e l l 

suffer b e c a u s e of the f a i l u r e to ob ta in the b e n e f i t s of c e s i u m p r e s s u r e en ­

h a n c e m e n t . 

F o u r t h , a s t e a d y d e t e r i o r a t i o n of p e r f o r m a n c e w a s no ted for the e n t i r e 

p e r i o d of o p e r a t i o n . The i n i t i a l t h e r m i o n i c e m i s s i o n , wh ich w a s about 1/2 
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of t h a t p r e v i o u s l y o b s e r v e d for o t h e r s a m p l e s , s u b s e q u e n t l y b e c a m e l e s s 

a s o p e r a t i n g t i m e w a s l o g g e d . E x p e r i m e n t s w e r e p e r f o r m e d -which showed 

tha t t h i s d e t e r i o r a t i o n p r o b a b l y r e s u l t e d f r o m c o n t a m i n a n t e f fec t s r a t h e r 

t h a n f r o m d e p l e t i o n of u r a n i u m f r o m the e m i t t e r . We b e l i e v e t h i s to b e a 

r e s u l t of t h e u t m o s t i m p o r t a n c e , s i n c e u r a n i u m d e p l e t i o n i s a c h a r a c t e r ­

i s t i c of the e m i t t e r t h a t c anno t b e i m p r o v e d wi thou t r e s o r t i n g to c o m p l e t e l y 

new t e c h n i q u e s - Ho^wever, t h e e f fec t s of g a s e o u s c o n t a m i n a t i o n c a n b e 

so lved by s t a n d a r d p r o c e d u r e s of b e t t e r o u t g a s s i n g and " g e t t e r i n g " w i th in 

the c e l l c h a m b e r . We b e l i e v e , t h e r e f o r e , t h a t t h e d e t e r i o r a t i o n of p e r ­

f o r m a n c e no ted i s a so lub le p r o b l e m and d o e s not r e f l e c t on t h e i n t r i n s i c 

p r o p e r t i e s of the c a r b i d e a s an e m i t t e r . 

F i f t h , a m e a s u r e m e n t of e m i s s i o n c h a r a c t e r i s t i c by the m e t h o d of 

P e l t i e r coo l ing w a s p e r f o r m e d and h a s led to a ne-w i n s i g h t i n to the n a t u r e 

of c a r b i d e e m i s s i o n and the e f fec t s of p o i s o n i n g . We r e g a r d t h i s a s one of 

the m o s t s ign i f i can t f ind ings of the e n t i r e p r o g r a m . S ince t h e c e l l "was of 

ef f ic ient d e s i g n w h e r e t h e r m a l l o s s e s could b e c a r e f u l l y c o n t r o l l e d and 

o b s e r v e d , i t -wa-s p o s s i b l e to m e a s u r e the t r u e w o r k funct ion of the e m i t t e r 

bv o b s e r v i n g P e l t i e r c o o l i n g . T h e e x p e r i m e n t -was s i m p l e ; t h e c e l l w a s 

b r o u g h t to o p e r a t i o n u n d e r open c i r c u i t c o n d i t i o n s , t h e n t h e c i r c u i t w a s 

s h o r t e d a n d , b e c a u s e of P e l t i e r coo l i ng , t he e m i t t e r t e m p e r a t u r e d i m i n i s h e d . 

T h e n the input po-wer w^as i n c r e a s e d by an ainiount suf f ic ien t to r a i s e t h e 

e n i i t t e r t e m p e r a t u r e to the o p e n c i r c u i t v a l u e . T h i s i n c r e m e n t m u s t , of 

n e c e s s i t y , be the e x a c t a m o u n t r e q u i r e d to s u p p o r t t he P e l t i e r coo l ing 

e f fec t . S ince t h e i n c r e m e n t -was kno'wn and t h e c u r r e n t cou ld be d i r e c t l y 

o b s e r v e d , the t r u e w o r k funct ion of the e m i t t e r cou ld b e d i r e c t l y found. 

A t r u e w o r k funct ion w a s found to b e 2 . 5 v o l t s e v e n a f t e r d e t e r i o r a t i o n . 

Al lowing for p o s s i b l e e r r o r s , t he m a x i m u m w o r k funct ion i s t a k e n to b e 

3 . 0 v o l t s . Us ing t h i s v a l u e , t h e e m i s s i o n c u r r e n t d e n s i t y a t t h e o p e r a t i n g 
/ 2 / 2 

t e m p e r a t u r e -would have b e e n about 90 a i m p s / c m w h e r e a s on ly 3 . 5 a m p s / c m 

WAS o b s e r v e d . If t h i s be t h e c a s e , t he p o i s o n i n g would h a v e a f fec ted 3 . 5 / 9 0 t h 

of the a r e a . T h i s s u g g e s t s a r e s e a r c h p r o g r a m for c o n t r o l l i n g and i m p r o v i n g 
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emiss ions froin the e m i t t e r . Diffusion of carbon into the tanta lum support 

may also have some effect on the emiss ion but this situation can be avoided 

in a r e a c t o r . While the 3 .5 amp output i s sub -marg ina l , an emiss ion of 

90 atnps would great ly exceed the design objective of cel l constructed for 

this p r o g r a m . 

The original objectives of this p r o g r a m were to obtain data to show 

the feasibility of genera tor operat ion at 15 percent efficiency and to 

demons t ra te operat ional l i fet imes of 1000 h o u r s . In the second phase of 

the p r o g r a m the objectives were r a i s ed . Under this prograna we were 

asked to show how 25 percent efficiency and 10,000 hour lifetime could be 

obtained. The re su l t s of our exper imenta l p r o g r a m will be summar ized he re 

in re la t ionship to these object ives . 

The two factors affecting efficiency a r e optical emiss iv i ty and the 

thermionic emiss ion of the carbide emi t t e r . We believe the observat ion of 

an effective emiss iv i ty of .35 to be of great significance to the question of 

efficiency. If the value of .35 for the emi t te r emiss iv i ty can be maintained, 

as our t e s t s for 400 hours indicate, we can a s sume a black collector and 

sti l l a r r i v e at efficiency predic t ions in the 15-25 percent r ange . This may 

be an important fact for very long- t e rm operation in which it will be imposs ib le 

to control the optical c h a r a c t e r i s t i c s of the co l lec tor . The more sensit ive 

factor affecting efficiency is e lec t ron emiss ion . The only cases so far in 

which super ior emiss ion have been observed have been in vacuum t r i a l s 

outside the ce l l . Unfortunately, these t r i a l s a r e l imited to power dens i t ies 

below 1 a m p / c m because excess ive plate powers a r e requi red to observe 

higher c u r r e n t s . Therefore the cu r r en t s that may be achieved in the 

operating t e m p e r a t u r e range must be deduced by extrapolat ion of the 

vacuum curves and such extrapolation is dangerous . The extrapolat ions 

we have made indicate a maximum cur ren t densi ty of 40 a m p s / c m at 1950 C. 

A cu r ren t density of this value would substantial ly exceed the efficiency 
2 

objectives of this p r o g r a m . The cell cathode a r ea was about 10 cm . The 

input power to supply radiat ion losses was about 500 wat t s . With an 
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emiss ion of 40 a i n p s / c m the total output cu r r en t would be 400 amps and 

the output power would exceed 400 wa t t s . Thus , the efficiency in th is case 

would approach 30 pe rcen t . However, cu r r en t dens i t ies of such high 

value have not yet been, obtained during cell operat ion. We bel ieve that 

reaching the p r o g r a m objectives depends mos t sensi t ively o-n cu r r en t 

emiss ion , on controlling the factors that affect emiss ion both in. the 

prepara t ion of the carbide and the operat ion of the carbide in the cel l 

environment . A substant ial amount of r e s e a r c h r ema ins to be done to 

prove that high perfor inance can be achieved and maintained in an ope ra ­

ting ce l l . However, t he re i s nothing in the data to suggest that achieving 

high per formance i s not poss ib le . The data obtained on predict ing cel l 

life is on a sounder footing. In a pa ra l l e l p r o g r a m of r e s e a r c h on the 

sublimation p rope r t i e s of the carbides^ we have de te rmined that a sub-

l imation ra t e of 10 g m s / c m / s e c occurs at a carbide surface t e m p e r a ­

tu re of 1830 C, Tes t s of sample puri ty and of vacuum contamination have 

shown this to be a saturated value. F o r example , when the o v e r - p r e s sure 
-6 -9 

of 10 m m of Hg was reduced to an. ex t remely low vatoe of 10 m m of Hg, 
the vacuum sublimation ra t e was not a l t e red . A sublimation ra te of th is 

2. 
valiie would correspond to a m a s s loss of 30 mg/cm. / y e a r and would 

correspond to a dimensional change of the emi t t e r of s/lOOO of a cm per 

year or about 1 m i l / y e a r . We have selected a dimensional change of 1 ixiil 

as a c r i t e r ion for cel l l i fe. This c r i t e r ion i s admittedly a r b i t r a r y and may 

be subjected to change. We bel ieve; however, that , in a cel l which has an 

in te re lec t rode spacing of 20 mils^ a net t r anspor t of 1 mi l of ma te r i a l 

should be to lerable but a lso should not be substantial ly exceeded. 

The summary of the findings on both sublimation and emiss ion allow 

a predict ion of 25 percent efficiency at a one yea r life based on these 

c r i t e r i a a lone. 

Given these per formance object ives, a r eac to r of high performance 

for one-year life would be proven feasible . However, the per formance 

and life cha rac t e r i s t i c s depend on the in t r ins ic ina te r i a l s p rope r t i e s and 
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since these p roper t i e s may not be a l te red , the question should be ra i sed 

"How can g rea t e r l ives or higher per formance be obta ined?" We believe 

the answer l ies in further invest igations of sublimation ra te in the cel l 

environment. The vacuum sublimation r a t e s that we have measu red 

presen t the most pess imis t i c picture of emi t te r m a s s l o s s . The vacuum 

exper iments a r e contrived to show net m a s s loss under the conditions 

where an atom that i s lost from the surface will never be re turned to that 

same sur face . This is the appropr ia te means for measur ing in t r ins ic sub­

limation ra t e s but they may not be the conditions that per ta in to an opera t ­

ing ce l l . There a re two mechan i sms that we consider to be of impor tance 

in the re turning of sublimed atoms to the surface thereby reducing the net 

l o s s . One is the scat ter ing of evaporated atoms by the ces ium vapor 

present in the in te re lec t rode space . Since the re appears to be no re l iable 

means of calculating the effect, we feel it has to be de termined by d i rec t 

r ecou r se to exper iment . The meta l lurgy p r o g r a m at Genera l Atomic is 

now being a l te red to include the measu remen t of the sublimation ra te of 

carbide e m i t t e r s in the p resence of ces ium vapor dens i t ies appropr ia te to 

cel l operat ion. 

The second mechanism which can affect back-sca t t e r ing is the 

p resence of a high t empera tu re col lec tor . In some exper iments that have 

been performed at Genera l Atomic we have noted that the re is complete 

condensation of the evaporated components of carb ides on a col lector when 

the col lector t empe ra tu r e is at 300 C. When the col lector was held at 

600 C we noted only pa r t i a l condensation and at 900 C there was only a 

t r a c e of condensation. In such exper iments it was imposs ib le to de termine 

the fate of the emi t t e r a toms which failed to condense on the high t e m p e r a ­

tu re col lec tor . However, if a substant ial fraction of those a toms condensed 

again on the emi t t e r the re would have been a substantial reduction of net 

emi t te r m a s s l o s s . The two factors affecting net m a s s t r anspor t r emain 

to be invest igated. However, it may be noted that those effects can only 

depres s m a s s loss and not enhance i t . We, the re fore , believe that the 
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lifetime of a ce l l predicted on the bas i s of vacuum evaporat ion i s a p e s s i ­

mis t ic l imit and that l i fet imes in excess of one yea r may be poss ib le . 

The data that have been used to predic t the per formance of the 

thermionic gene ra to r s a r e admittedly l imited since the operat ional expe r ­

ience for a l l ce l l s i s l e s s than one month of net operat ing t i m e . The reason 

for the sma l l ainount of operating t ime i s easi ly identified. The p rob lems 

of simulating exper imenta l ly a r eac to r type module by e l ec t r i ca l heating 

were much g r e a t e r than we had anticipated at the onset of the p r o g r a m aad 

a very la rge fraction of our effort had to be devoted to the p rob lem of 

sii-nulation. E l e c t r i c a l heating called for the solution of p rob lems not 

germane to the p rob lems of operating a r eac to r module . The main 

problem -was that of p repar ing a vacuum-t ight t h e r m a l bond between, the 

emi t te r and i t s support s t r u c t u r e . Now that th is p rob lem has been solved, 

we believe that the e lec t r i ca l ly heated ce l l can be studied intensively an^ 

that the l a rge factor of uncer ta inty attending the predic t ion of genera tor 

life can be reso lved . 
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PART B 

THERMIONIC REACTOR 
FUEL ELEMENT CONCEPTUAL DESIGN STUDIES 

I, GENERAL CONCEPT 

The active core volunae of a thermionic power reac tor i s d i rec t ly 

propor t ional to the e l ec t r i ca l power output of the r eac to r . This re la t ion­

ship can be visual ized from the following equation: 

where J i s the cur ren t density at the emi t t e r surface , v is the output voltage 
,S ,E 

produced a c r o s s the thermionic conver te r , (TT.) i s the sur face- to-volume 
E 

rat io of the emi t t e r , v is the volume fraction of the emi t t e r s in the 
C 

reac to r co re , and V is the volume of the co re . F o r any given thermionic 

cell per formance and fuel element core configuration, the product 
S E E 

Jv (—) v^ is fixed and the reac tor e l ec t r i ca l power level (P „) is a 
V f e£ 

function only of the size of the co re . 

This e lec t r i ca l -power r e a c t o r - s i z e re la t ionship is somewhat different 

fronn. that found in the more conventional nuclear power sys tems where the 

reac to r se rves solely as the source of t he rma l power and the e lec t r i ca l con­

vers ion p r o c e s s is located external to the r e a c t o r . In such sys t ems , the 

r eac to r size is de te rmined p r ima r i l y by heat t r ans fe r cons idera t ions . Core 

s izes a re minimized consis tent with max imum allowable fuel element su r ­

face heat fluxes which a re in tu rn de termined by the heat removal capability 

of the coolant and m a t e r i a l t empera tu re l imitat ions within the fuel e l emen t s . 

With p resen t technology, heat fluxes of 300,000 to 400,000 BTU/hr - f t a re 

readi ly achievable . 

To compare this p re sen t heat r emova l capabili ty with what might be 

required in a thernaionic power r eac to r , consider a typical cyl indr ical 

thermionic fuel e lement . The emi t t e r or se r ies -connec ted a r r a y of emi t t e r s 
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i s located at the center of the fuel e lement and extends axialiy along the 

length of the elenaent. Surrounding the e m i t t e r s a r e the co l lec tors and 

these in turn a r e encapsuled within the fuel e lement cladding. Heat i s 

generated in the emi t t e r , t r a n s f e r r e d to the col lec tor , and then conducted 

radial ly through the col lector and clad walls to the coolant. The clad heat 

fluxes a r e thus de termined by the heat or power fluxes existing at the 

emi t t e r su r face . Since the cyl indr ical geomet ry of the fuel e lement resu l t s 

in an i nc r ea se in clad surface with respec t to the emi t t e r sur face , actual 

clad heat fluxes a r e substantial ly less than those p resen t at the emi t t e r 

su r face . While the magnitude of th is a r ea i nc r ea se or heat flux d e c r e a s e 

depends strongly on the dimensional configuration of the fuel e lement , 

maxinram values of clad heat fluxes can be obtained by considering d i rec t ly 

the magnitude of expected heat fluxes at the eni i t te r su r face . 

A typical value for the expected e lec t r i ca l power flux at the eni i t ter 
2 

surface (Jv) i s in the o rde r of 10 w a t t s / c m . If a convers ion efficiency of 

15 percent i s assumed^ the heat t r a n s f e r r e d to the col lector i s 57 w a t t s / c m 
2 

or in engineering uni t s , 180^000 BTU/kr-f t . Since heat fluxes of this 

magnitude a r e well -within p resen t heat t r ans fe r capabil i ty, it i s general ly 

concluded that core s izes for thermionic r e a c t o r s a r e relat ively independent 

of heat t r ans fe r cons idera t ions and a r e predominately controlled by the 

amount of emi t t e r surface a r e a requi red for a given e lec t r i ca l power output. 

This power-volume dependency i s pa r t i cu la r ly t rue for a space 

oriented thermionic power r e a c t o r . Efficient heat reject ion from the power 

sys tem necess i t a t es high radia tor t e m p e r a t u r e s and hence high coolant 

t e m p e r a t u r e s . The inherent advantages of a coolant offering a low vapor 

p r e s s u r e at these t e m p e r a t u r e s plus the ability to be c i rcula ted by e l ec t ro ­

magnet ic pumps dic ta tes the use of a liquid meta l such as l i thium. Thus 

it i s expected that the coolant used in conjunction with the space thermionic 

r e a c t o r will be m o r e than adequate for the heat t r ans fe r r a t e s ant icipated. 

The approximate s ize of a space thermionic r eac to r can be obtained 

as a function of power level by means of the equation previously s ta ted. 
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R e a r r a n g i n g the equa t i on , t he v o l u m e of the c o r e i s e x p r e s s e d a s 

P 
^C _ e i 

,S E E 
Jviy) v^ 

2 S E 
T y p i c a l v a l u e s of t h e d e n o i n i n a t o r t e r m s a r e J v = 1 0 w a t t s / c m , (—) =; 

- I E 
3 c m 5 and v = 0 . 5 0 . C o r e v o l u m e s and s p h e r i c a l c o r e d i a m e t e r s con­
s i s t e n t w i th t h e s e v a l u e s a r e l i s t ed b e l o w . 

E l e c t r i c a l p o w e r , P „ ( m e g a w a t t s ) 0 , 1 1 10 

C o r e v o l u m e , *^ ( c m ) 6 . 7x10 6 . 7 x iO 6. 7 K iO 

C o r e d i a m e t e r (cm) 23 50 110 

The v e r y s m a l l c o r e s i z e a t the 0 . 1 m e g a w a t t p o w e r l e v e l and the 

r e l a t i v e l y s m a l l s i z e for the 1 m e g a w a t t l e v e l a r e p r o b a b l y a c h i e v a b l e 

only t h r o u g h the u s e of a h igh n e u t r o n e n e r g y s p e c t r u m o r in a fas t r e a c t o r . 

T h i s i s a r e s u l t of the h igh t e m p e r a t u r e s a n t i c i p a t e d for the s p a c e r e a c t o r 

( e m i t t e r t e m p e r a t u r e s of about 1500 to 2000 C) and the l ack of a h y d r o g e n -

b e a r i n g m o d e r a t o r c a p a b l e of o p e r a t i o n at t h e s e t e m p e r a t u r e s . At the 

10 mega-watt p o w e r l e v e l , the c o r e s ize 'S relat ' .velv' l a r g e ind ' a p p e a r s 

t ha t the u s e of a b e r y l l i u m oxide m o d e r a t o r would b e c o m e _t t r^t+ -* f to 

r e d u c e the c o r e fuel r e q u i r e m e n t s . 

The p r o b l e m of a c h i e v i n g a c r i t i c a l r e a c t o r of the s.ie s^atfd for the 

0 . 1 m e g a w a t t p o w e r l e v e l a p p e a r s v e r y daffici.ilt. A v e r a g e fuel ders:T e s 

would h a v e to be high which i m p l i e s l a r g e e m i t t e r v o l u m e f r a c t i o n s . T o 
E 

a c h i e v e l a r g e v a l u e s of v , the fuel e l e m e n t con f igu ra t i on would t r e n d 

t o w a r d l a r g e d i a m e t e r s wi th p r o b a b l y a s ing le emi t t ^T ex tend ing the length 

of the c o r e a s opposed to a s e r i e s - c o n n e c t e d a r r a y of e m i t t e r s . While 
S 

p e r m i t t i n g h ighe r fuel d e n s i t i e s , t h i s r e s u l t s in l o w e r v a l a e s of T^ with a 

p r o b a b l e o v e r - a l l d e c r e a s e in r e a c t o r power den3U\ and an i n c r e a s e >n 

s i z e o v e r tha t s t a t e d . 
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At the 1 megawatt power level and above, the c r i t i ca l l ty p rob lem is 

considerably eased . The need for high fuel dens i t i es i s re laxed and the 

design of the fuel e lement can be oriented toward higher power de ns i t i e s . 

The longer fuel e lements plus the large emi t t e r eurface-to-volum® ra t io 

des i red for these power levels introduce the need for short se r ies -connec ted 

thermionic ce l ls within the individual fuel elenments. The mul t i - ce l l fuel 

elements then, i s considered typical of the type of fuel e lement requi red 

for medium and high power r a n g e s . The design calculat ions that follow 

a re accordingly oriented toward the design of a thermionic fuel e lement 

applicable to a r eac to r e l ec t r i ca l power level of approximately 1 megawat t . 

The interplay of the numerous va r iab les i s studied in the following sect ions 

and a p re l imina ry fuel e lement conceptual design i s es tab l i shed . 
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I I . DESIGN CONSIDERATIONS 

A s s t a t e d p r e v i o u s l y , for a 1 m e g a w a t t t h e r m i o n i c s p a c e r e a c t o r the 

fuel e l e m e n t d e s i g n should c o n s i s t of an a r r a y of s e r i e s - c o n n e c t e d t h e r m i ­

onic c e l l s r a t h e r t h a n a s ing le c e l l ex t end ing the e n t i r e l eng th of the e l e m e n t . 

T h i s c o n c l u s i o n r e s u l t s p r i m a r i l y f r o m the d e s i r e to m a i n t a i n the f r a c t i o n a l 

p o w e r l o s s e s o r v o l t a g e d r o p s wi th in the e l e m e n t i t s e l f to a r e l a t i v e l y low 

l e v e l . T h e s e l o s s e s o c c u r b a s i c a l l y in t h r e e c o m p o n e n t s of the fuel e l e m e n t . 

F i r s t , an e l e c t r i c a l connec t i on m u s t be m a d e b e t w e e n the h igh t e m p e r a t u r e 

e m i t t e r and the n e i g h b o r i n g r e l a t i v e l y l o w - t e m p e r a t u r e c o l l e c t o r . In a 

s ing le c e l l a r r a n g e m e n t , t h i s c o n n e c t i o n goes d i r e c t l y to the e l e c t r i c a l load 

b e f o r e it r e t u r n s to the c o l l e c t o r bu t a c o n n e c t i o n s t i l l m u s t be m a d e which 

i n v o l v e s a l a r g e t e m p e r a t u r e g r a d i e n t a c r o s s the c o n n e c t i o n . T h i s l ead 

then b e c o m e s a conduc t ion pa th for h e a t l o s s e s f r o m the e m i t t e r . In m a x i ­

m i z i n g the c e l l p e r f o r m a n c e wi th r e s p e c t to t h i s e m i t t e r c o n n e c t i o n o r s t e m 

l o s s , i t i s found t h a t t he o p t i m i z e d s t e m v o l t a g e l o s s i s d e p e n d e n t only on the 

m a t e r i a l p r o p e r t i e s of the s t e m , the t e m p e r a t u r e d i f f e r e n c e e x i s t i n g a long the 

s t e m , and the c o n v e r s i o n e f f ic iency of the c e l l . The e x p r e s s i o n for the l o s s i s 

1 •, / \ / s, s ,_. s Zt] . 1 /2 
v o l t a g e l o s s ( s t em) = (O k Al - — ) z-ri 

w h e r e p i s the e l e c t r i c a l r e s i s t i v i t y and k i s t he t h e r m a l c o n d u c t i v i t y of s t e m 

m a t e r i a l . T h u s the v o l t a g e l o s s in the s t e m i s i n d e p e n d e n t of the c u r r e n t 

and h e n c e i s unaf fec ted by w h e t h e r the e m i t t e r i s a s ing le un i t o r a m u l t i p l i c i t y 

of s m a l l s e r i e s - c o n n e c t e d u n i t s . 

The two r e m a i n i n g s o u r c e s of v o l t a g e l o s s (the e m i t t e r and c o l l e c t o r ) 

a r e , h o w e v e r , d e p e n d e n t on the m a g n i t u d e of the c u r r e n t a s s o c i a t e d with 

the fuel e l e m e n t . T h e s e l o s s e s c a n , of c o u r s e , be r e d u c e d by l o w e r i n g the 

e l e c t r i c a l r e s i s t a n c e of the c o m p o n e n t s o r o t h e r w i s e i n c r e a s i n g the c r o s s 
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section or the amount of m a t e r i a l of the e l ec t r i c a l conduction p a t h s . The re 

a r e r e s t r i c t i ons on the extent to which the r e s i s t a n c e s can be v a r i e d . In 

the emitter^ for example^ the d e s i r e for high r e a c t o r power dens i t i es 

favors e m i t t e r s of smal l r ad i i . TMs re su l t s in a high rat io of emis s ion -

to-conduction a r e a along the e m i t t e r . Consider an emi t t e r d i ame te r of 

1.50 cm. and length 50 cm^ and an emi t t e r surface cu r r en t densi ty of 
2 

6 .25 a m p s / c m , which a r e typical va lues for a 1 megawatt power s y s t e m . 

The effective r e s i s t ance of the emi t t e r i s approximately 0.003 ohms based 

on an emi t t e r r es i s t iv i ty of 320 x 10 o h m - c m (see F i g . B . 1). The total 

cu r r en t emiss ion i s about 1500 amps -which would resu l t in an un-workable 

emi t t e r voltage d rop of 4 . 8 vol ts -which far exceeds the open c i rcu i t voltage 

of the single ce l l . If̂  however , the emi t t e r i s di-vided into ten smal l com­

ponents , the r e s i s t ance of each component emi t t e r i s reduced approximately 

by a factor of t en . The total emiss ion cu r ren t per smal l emi t t e r i s a factor 

of ten l e s s and the resu l tan t voltage loss per ce l l i s only 0.048 vo l t s . It i s 

concluded then, that for fuel e lements containing an emi t t e r section of the 

genera l d imensions and e lec t r i ca l r es i s t iv i ty as stated above, the sub­

division of the emi t t e r into an a r r a y of smal l se r i e s -connec ted e m i t t e r s i s 

a n e c e s s a r y and sat isfactory means of reducing the voltage lo s ses p e r 

emi t t e r to a reasonable level . 

A s imi la r argument -with one exception can be stated for the d e s i r ­

ability of subdi-viding the co l lec tor . The exception i s that the th ickness of 

the col lector can be inc reased -without increas ing the cu r r en t that it must 

c a r r y . In principle then, the c r o s s sect ional a r e a of the col lector could 

be made sufficiently large to t r a n s m i t the ent i re cu r r en t load of a single 

emi t t e r extending the length of the fuel e lement . TMs added col lector 

th ickness const i tutes additional non-emi t t e r volume in the r e a c t o r with a 

resu l tan t d e c r e a s e in the average obtainable power dens i ty . The col lector 

m a t e r i a l a lso ac ts as a neutron poison to the r e a c t o r . Accordingly^ the 

o v e r - a l l effect of the l a rge c r o s s - s e c t i o n col lector i s an i n c r e a s e in r eac to r 

size for a given level of e l ec t r i ca l power output. 
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The fuel e lement design util izing an a r r a y of sma l l s e r i e s -connec ted 

the rmiomc ce l l s offers the additional opportunity of adjusting the design of 

the ce l l s individually so that each emi t t e r will opera te at design t e m p e r a ­

tu re even though subjected to the non-uniform flux dis t r ibut ion in the 

r e a c t o r . One means of accomplishing nea r ly uniform emi t t e r t e m p e r a t u r e s 

i s to adjust the fuel densi ty in the e m i t t e r s so that the f ission densi ty in 

each i s uni form. An a l te rna te way -would be to adjust the sur face- to-volume 

rat io of the e m i t t e r s so that the ra t io of the total power genera ted in each 

emi t t e r to the sar face a r e a of the emi t t e r i s uniform throughout the r e a c t o r . 

TMs impl ies varying the d i ame te r of the e m i t t e r s with smal l d i ame te r 

e m i t t e r s at the center of the r eac to r and la rge d i a m e t e r s at the outs ide . 

Such a methods it a p p e a r s , would lead to complicate fabricat ion p r o b l e m s . 

Accordingly, the var iab le fuel loading scheme i s a s sumed applicable for 

this study. 

One potential p rob lem associa ted -with the mul t i - ce l l type fuel e lement 

i s the consequence of a fai lure or pa r t i a l failure of any one of the ce l ls 

-within the e lement . Since the ce l l s a r e joined e lec t r ica l ly m s e r i e s , one 

cell failure causes a total fuel e lement e l ec t r i ca l fa i lu re . S imi la r ly , since 

thermionic ce l l s a r e essent ia l lv constant cu r ren t dev ices , a reduction in 

the cu r r en t capabili ty of any one cel l l imi t s the cu r ren t flow in the en t i re 

e lement . The fuel e lement cur ren t output then i s controlled or l imited bv 

the lowest per formance ce l l . As a r e su l t , i t appea r s that achieving design 

operat ing t e m p e r a t u r e s for each of the e m i t t e r s within a mul t i - ce l l e lement 

i s of paramount impor tance if a high per formance fuel e lement i s to be 

obtained. 
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I I I . F A B R I C A T I O N CONSIDERATIONS 

In e s t a b l i s h i n g a t h e r m i o n i c fuel e l e m e n t d e s i g n i n c o r p o r a t i n g a 

n u m b e r of s e r i e s - c o n n e c t e d t h e r m i o n i c c e l l s , c o n s i d e r a t i o n m u s t be g iven 

to the m e a n s of f a b r i c a t i n g o r a s s e m b l i n g the v a r i o u s c o m p o n e n t s in to a 

c o n i p l e t e d fuel e l e m e n t c a p a b l e of fulfi l l ing the n e c e s s a r y o p e r a t i o n a l 

r e q u i r e m e n t s . I n c l u d e d in t h e s e r e q u i r e m e n t s a r e the n e e d for 

(a) a c o n t i n u o u s fuel c l ad ; 

(b) m e a n s of e s t a b l i s h i n g the s e r i e s e l e c t r i c a l 
c o n n e c t i o n s b e t w e e n the c e l l s ; 

(c) e l e c t r i c a l i n s u l a t i o n of the c e l l s f r o m the 
s u r r o u n d i n g c l ad ; 

(d) p o s i t i o n i n g of the e m i t t e r s wi th in t h e i r 
i n d i v i d u a l c o l l e c t o r s ; 

(e) h igh t h e r m a l c o n d u c t a n c e s b e t w e e n the 
c o l l e c t o r s and the s u r r o u n d i n g c lad ; 

(f) m e a n s of i n t r o d u c i n g c e s i u m to the i n d i v ­
idua l c e l l s ; and 

(g) m e a n s of r e m o v i n g f i s s i o n g a s e s g e n e r a t e d 
wi th in and p r o b a b l y r e l e a s e d f r o m the e m i t t e r s . 

T h e fuel e l e m e n t d e s i g n d e s c r i b e d in the nex t Sec t ion IV a t t e m p t s to s a t i s fy 

the above r e q u i r e m e n t s whi le r e m a i n i n g a m e n a b l e to r e a s o n a b l e f a b r i c a ­

t ion t e c h n i q u e s . 

One of the m a n y p a r t i c u l a r f a b r i c a t i o n t a s k s i s the e s t a b l i s h m e n t of 

the e l e c t r i c a l i n s u l a t i o n b e t w e e n the i nd iv idua l c o l l e c t o r s and the c o m m o n 

c l a d . The c l add ing e x t e n d s the full length of the e l e m e n t and f o r m s the 

s e a l e d c o n t a i n e r for the fuel e l e m e n t . It i s e x p e c t e d tha t the c l ad wi l l be 

a m e t a l i c m a t e r i a l (n iobium) in o r d e r to a c h i e v e c a p a b i l i t y wi th the c o o l ­

an t ( l i th ium) of a s p a c e t h e r m i o n i c r e a c t o r . The c lad and, a d d i t i o n a l l y , 

the l i t h i u m coo l an t i t s e l f s e r v e a s an e q u i - p o t e n t i a l body and a c c o r d i n g l y 
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the many thermionic ce l l s located in the fuel e lement and in the r eac to r 

would be e lec t r ica l ly shorted together if they were not insulated from this 

body. 

The insulation m a t e r i a l must se rve a dual function; firsts as an 

e lec t r ica l insulator and second, as a t h e r m a l conductor . All the heat 

t r ans fe r r ed to the col lector by radiat ion from the emi t t e r and Pe l t i e r hea t ­

ing must be conducted a c r o s s the insulation to the cladding where it can be 

rejected to the surrounding coolant. It is des i rab le that the t e m p e r a t u r e 

difference es tabl ished a c r o s s this conductd.nce path be kept sma l l . The 

size of the heat reject ion rad ia tor for the po-wer sys tem i s a strong 

function of the coolant t empe ra tu r e and hence a coolant t e m p e r a t u r e only 

slightly lo'wer than the operating t empe ra tu r e of the co l lec tors i s p r e f e r r e d 

when the ove r - a l l power sys tem is cons idered . Accordingly, an insula tor 

m a t e r i a l -with a high t h e r m a l conductivity and a thin c r o s s - s e c t i o n i s r e ­

quired. A further incentive for the smal l c r o s s section is that the addition 

of insulator volume adverse ly affects t-he average po-wer densi ty that can 

be achieved in the fuel e lement . 

Because of the de s i r e for a smal l t empe ra tu r e difference bet-ween 

the co l l e t to r and the t, Idd as d iscussed above, the t h e r m a l conductance 

a c r o s s !he interfaces between the col lector dnd the insulation and s imi l ­

a r ly between the insulation and the clad must be maintained at high l eve l s . 

Since these in ter faces a r e located in the vacuum environment requi red for 

thermionic cel l operations high conductances can only be achieved through 

the use of meta l lu rg ica l bonds or b r a z e s between su r faces . P r e s s u r e 

contacts would lead to unpredict«±ble and probably large t empe ra tu r e l o s s e s . 

The ent i re fabrication task is aggravated by the re la t ively small size 

components required to achieve high r eac to r power dens i t i e s . Typical 

d imensions of the cyl indrical cladding for the fuel element a r e approxi -

mately 50 cm in length and I . 7 cm in d i a m e t e r . Within this long s l im tube 
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mus t be located the individual cell components . The col lec tors must be 

positioned along the ent i re clad length and the interface bonds completed 

as d iscussed above. Within each col lector , the emi t te r must be aligned 

and secured in close proximity (0,05 cm or less) to the col lec tor . 

E lec t r i ca l connections between neighboring cel ls a r e required which, if 

they a r e to be re l iable and a re to exhibit low e lec t r i ca l r e s i s t a n c e s , should 

be b raze - type junct ions . 

Inspection of the completed fuel element assembly also p re sen t s 

pa r t i cu la r p r o b l e m s . Since each cell i s an open circui t under non-operat ing 

conditions, possible e lec t r i ca l shorts or opens anywhere in the e lec t r i ca l 

c i rcui t within the fuel element a r e difficult to detect with simple tes t 

dev ices . In genera l , then, it i s concluded that the bas ic fuel element 

design must incorpora te as many features as possible to ease the fabri­

cation and assembly problems and also to pe rmi t in ternal inspection and 

testing of the element through most of i ts manufacture . 
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IV, FUEL. E L E M E N T D E S C R I P T I O N 

The d e s i g n f e a t u r e s of a t h e r m i o n i c fuel e l e m e n t a p p l i c a b l e to a 

s p a c e t h e r m i o n i c r e a c t o r a r e i l l u s t r a t e d in F i g u r e s B . Z , B . 3 , and B . 4 . 

The d e s i g n i s b a s e d on the s e r i e s - c o n n e c t e d m u l t i p l e c e l l c o n c e p t and 

u t i l i z e s a spl i t componen t a r r a n g e m e n t To e a s e the p r o b l e m s of f a b r i c a ­

t ion and i n s p e c t i o n d i s c u s s e d in the p r e v i o u s s e c t i o n . T h e e l e m e n t c o n ­

s i s t s of two i d e n t i c a l h a l l - c y l i n d r i c a l a s s e m b l i e s , e a c h of wh ich f o r m s a n 

i ndependen t s e r i e s - c o n n e c t e d a r r a y of t h e r m i o n i c c e l l s . When the two 

h a l f - a s s e m b l i e s a r e we lded t o g e t h e r , e l e c t r i c a l c o n n e c t i o n s a t the e n d s 

jo in the two s e r i e s a r r a y s in p a r a l l e l . Whi le the p a r a l l e l c i r c u i t s a r e 

e l e c t r i c a l l y i n s u l a t e d a long the l eng th of the fuel e l e m e n t , a l l t h e t h e r m i ­

onic c e l l s s h a r e a c o m m o n c e s i u m supp ly t h r o u g h the u s e of the i n t e r ­

connec t ing void s p a c e s e p a r a t i n g the jo ined h a l f - a s s e m b l i e s . C e s i u m 

v a p o r p e r m e a t e s the length of the fuel e l e m e n t t h r o u g h t h i s c h a n n e l f r o m 

the c e s i u m r e s e r v o i r l oca t ed at one end of the e l e m e n t . The void c h a n n e l 

s e r v e s a l s o a s a n r e i n s of e v a c u a t i n g the fuel e l e m e n t p r i o r to o p e r a t i o n 

and p e r m i t s con t inuous p u r g i n g of f i s s ion p r o d u c t s d u r i n g o p e r a t i o n . 

An ind iv idua l t h e r m i o n i c c e l l c o n s i s t s of a c o l l e c t o r , t'wo c o l l e c t o r 

end p i e c e s , an e i n i t t e r , two a l i g n m e n t i n s u l a t o r s and a s u p p o r t p in , and 

an e l e c t r i c a l c o n n e c t o r b a r . T h e convex; s u r f a c e of the c o l l e c t o r i s f l a m e 

coa t ed wi th a th in l a y e r of e l e c t r i c a l i n s u l a t i o n . T h e i n s u l a t i o n s u r f a c e i s 

n i e t a l i z e d to p e r m i t b r a z i n g of the c o l l e c t o r body to the s u r r o u n d i n g c l a d . 

The e m i t t e r i s a l igned r e l a t i v e to i t s c o l l e c t o r by m e a n s of a s u p p o r t a t 

e ach end , the e l e c t r i c a l c o n n e c t o r s t e m s e r v i n g a s one s u p p o r t and t h e 

a l i gnmen t p m a s the o t h e r . S m a l l i n s u l a t o r s s u r r o u n d i n g e a c h s u p p o r t 

e l e c t r i c a l l y i n s u l a t e the e m i t t e r f r o m the c o l l e c t o r . Suppo r t i ng the e m i t ­

t e r d i r e c t l y f ro in i t s c o l l e c t o r i n s u r e s t h a t the s p a c i n g b e t w e e n t h e e m i t t e r 

and c o l l e c t o r i s d e t e r m i n e d only by the two b o d i e s t h e m s e l v e s . A s a r e s u l t , 
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INSULATOR SHIELD 

COLLECTOR END TOP 

INSULATOR SHIELD 

COLLECTOR END 
BOTTOM 

CLADDING 

INSULATION 

EMITTER 

COLLECTOR 

F i g . B . 2 - - Half-element assembly 
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COLLECTOR END {TOP) 

NSULATOR 

COLLECTOR 

NSULATOR SHIELD 

SUPPORT PIN 

EMITTER 

COLLECTOR END (BOTTOM) 

INSULATION SHIELD 

NSULATOR 

CONNECTOR BAR 

F i g . B . 3 - - Exploded view of single ce l l 
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7 7 • 

L750IN. 

E.OOO IN. 

•CONNECTOR BAR 

BRAZE 

COLLECTOR END TOP (MOLYBDNUM) 

INSULATOR (A l ^ 0 ^ ) 

INSULATOR SHIELD (TANTALLUM) 

SUPPORT PIN (TUNGSTEN) 

COLLECTOR 0.020 IN. T H ' K (TUNGSTEN) 

INSULATION (Al ^ 0 ), 0.005 IN. T H ' K 

• EMITTER ( U C - Z f C ) 

CLADDING 

INSULATOR SHIELD (TANTALUM) 

INSULATOR (Al O ) 

COLLECTOR END BOTTOM (MOLYBDNUM) 

BRAZE 

BRAZE 

0 .020 IN. 

F i g . B .4 - - C ros s section of single cel l 
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the spacing is unaffected by any possible misa l ignment or d is tor t ion of 

other cel l components within the fuel e lement . The e l ec t r i ca l connector 

b a r joins the emi t t e r of one cel l e lec t r i ca l ly in s e r i e s to the col lec tor of 

the neighboring ce l l . 

Assembly of the fuel element i s visual ized as consist ing of the 

following major s teps with adequate inspection and test ing performed dur­

ing each fabrication p r o c e s s to insure sa t is factory completion: 

1. A cyl indr ical shaped col lector i s coated with insula­
tion, meta l ized , and cut into the requi red half-
cylinder configuration. 

2. End pieces a r e b razed to the individual co l l ec to r s . 

3 . The col lector components a r e positioned in the clad 
shell and b razed to the clad. 

4 . E m i t t e r s 'with alignment insu la to r s in place and 
e lec t r i ca l connector b a r s attached a r e positioned 
in the co l l ec to r s . 

5. The aligninent insu la to rs a r e mechanical ly fastened 
to the col lector end pieces and the e lec t r ica l con­
nector b a r s joined to the neighboring col lec tors by-
braz ing . 

6. Tivo completed ha l f -assembl ies a r e positioned to ­
gether and the axial seam welds made to join the 
clad, 

7. End fixtures a r e fastened to the ends of the clad to 
complete the c losure of the fuel e lement . 
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V. DESIGN CALCULATIONS 

The component s izes l is ted in F igu re B-4 a r e represen ta t ive of fuel 

e lement d imensions compatible with r equ i remen t s of a 1 e l ec t r i ca l mega­

watt therfnionic r e a c t o r . These dimensions were selected p r imar i ly to 

achieve a high average power densi ty in the r eac to r and consequently a 

smal l r eac to r s ize , weightj and fuel loading. The selection was influenced 

somewhat by the output voltage des i r ed frona a single fuel e lement . After 

considera t ion of the design calculat ions that follow, it appears that a Z8 volt 

output i s best achieved by connecting two fuel e lements in s e r i e s ra ther 

than introducing sufficient ce l ls into one element to obtain 28 volts output 

from a single e lement . F u r t h e r d iscuss ion is included in the conclusion 

sect ion. 

5. 1 COMPONENT DIMENSIONS 

The influence of the fuel e lement component dimensions on the 

average e l ec t r i ca l power densi ty in the r eac to r can be de termined by 

considering the express ion for e l ec t r i ca l power output. 

E E C 

or 

Y 

Assuming a constant cu r r en t density Jj the average power density is 

propor t ional to the product of the usable voltage output of a thermionic cel l , 

the sur face- to-volume ra t io of the emi t t e r , and the volume fraction of the 

r eac to r core occupied by e m i t t e r s . The usable voltage developed by a cel l 

is defined as the bas ic voltage produced minus the voltage loss incur red in 

the e l ec t r i ca l l eads . This lead loss is a function of both the radius and 
S E E 

length of the e m i t t e r . Likewise^ the t e r m s {-y) and v a re both functions 

of emi t t e r radius and length. The dependency of the product of these th ree 

t e r m s then is des i r ed as a means of establishing component d imens ions . 
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The calculat ions a s sume that the fuel e lement components consis t of 

the following m a t e r i a l s : 

E m i t t e r - Uranium ca rb ide -z i r con ium carbide 
Col lector - Molybdenum 
Insulation - Aluminum oxide 
Clad - Niobium (columbium) 

Dimensions considered constant for the calculat ions a r « : 

Clad wall th ickness - 0.010 inch 
Insulation th ickness - 0 .005 inch 
Collector wal l th ickness - 0.020 inch 
Emi t t e r - co l l ec to r spacing - O.OZO inch 

The nomencla ture employed (see F i g . B. 5) i s : 

L = length of a unit ce l l 

1 = length of emi t t e r 

r = radius of the emi t t e r 

y = void width between emi t t e r halves 
R 

V = volume fraction of the r eac to r co re occupied 
by the fuel e lements 

a = sum of the clad^ insulation^ co l lec tor , and 
emi t t e r - co l l ec to r spacing th ickness 

A = support s t em a r ea at each end of the emi t t e r 
which i s not available for emiss ion 

A s 
fraction of emi t t e r end not available for 

irr -2 ry emiss ion 

V = cel l voltage before lead lo s ses 
o 

V = usable cel l voltage after lead l o s se s 

K = s tem voltage loss - \ /p k AT — 

p - average s tem e lec t r i ca l res i s t iv i ty 

average s tem t h e r m a l conductivity 

^T" - t empe ra tu r e difference along s tem 

s 

.s 

f\ = ove r - a l l cel l efficiency 
E 

p - emi t t e r e l ec t r i ca l res i s t iv i ty 
C 

p = col lector e lec t r i ca l res i s t iv i ty 
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^K 

' L " LENGTH 
OF CELL 

^ 

^ZZ 
^^:122Z^'^^^^'^^^^ 

"f" LENGTH OF 
EMITTER 

"r" RADIUS TO OUTSIDE 
OF EMITTER 

y GAP BETWEEN 
CELLS 

COLLECTOR 

g GAP BETWEEN 
COLLECTOR 
a EMITTER 

F i g . B . 5 --. Ce l l D l a g r a m 
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g 

t 

f 

emi t t e r - co l l e c to r epaeing 

col lec tor wall iMcknaBS 
^. e in i t ter + col lec tor voltage loss r a t i o , •— 

s tem 

In t e r m s of these qwantitiesg the express ion for tlia e m i t t e r volume 

fraction i s 

E R wr l - 2 r y , 
r = v I-—————' 1 
f f . . . 2 , w ( r 4 a r L 

Simi lar l f s the express ion for the e m i t t e r su r face - to -vo tame ra t io i s 

E 2 

.S Zwrl 4- 2irr - 2 ly - 4 ry - ZAs 

wr^l - 2 r l y 

ComMning these two e x p r e s s i o n s , the product of e i r f t te r volume 

fraction and emi t t e r sur face- to -vo lume ra t io i s expres sed a s 
1 

f *¥' iT(r4a | 

2„.2y .̂ li£_dDr , . Xljij 
The length of the e m i t t e r i s expres sed a s a function of the ra t io (f) 

of the sum of the fract ional power l o s s e s in the e in i t ter and col lec tor to 

the fraction power loss in the efficieacy optimized emi t t e r s t em fK). In 

t e r m s ol the ca l l quant i t ies , th is re la t ionship can be stated a s 

E m i t t e r fract ional loss + col lector fractional loss = f s t em fractional loss 

2 ^ E 2 
- J p I («»y) + ( ^ Y ^ ) (1 -

(wr -2ry) v 

2 ^ c zr 
2 

(trr-y) + {^^f^ (1 .̂  ^ A s 

[» [(r+g+t)^ - (r4g)^] ^ Zytj w 
I£_::2r|^ 

T -
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Rearranging and solving for i , the resul tant express ion becomes 

p Tr -2ry 
'^ ' 2(it^-y) (-:^r 4(-ir-y) 

(Trr - 2ry) 

£K 

1̂ 1 
nrr - 2 ry [(r-g+t)^ - (r+g)^]-2yt^ 

1 - -
TTr -2 ry / 

The remaining t e r m to be establ ished in the t r i -p roduc t express ion 

for reac to r power densi ty is (v), the usable voltage per cell available to 

the e lec t r i ca l load. 

V (usable voltage) = v - sum of voltage loss 

= V - K (1+f) 
o 

All three t e r m s , then, a re expressab le as functions of the emi t te r radius 

the fractional power loss or voltage loss rat io (f), and var ious constants 

assumed in the cel l configuration. In addition to the dimensions a l ready 

stated, the following values a re assumed applicable: 

TTr -2 ry 

J 

v 

L 

K 

D 
E 

P 
C 

AT' 

0 . 2 5 

6. 25 a m p s / c i n 

1.6 volts 

{i+. 63 5) cm 

0.085 volts 

-6 320 X 10 ohm-cm 

26 X 10 ohm-cm 

-6 220 X 10 ohm-cm 

-6 
0. 168 X 10 ohm-cm 

1200°C 

0. 15 

In F igure B . 6 the length {I) of the emi t te r is plotted as a function of 

the voltage loss ra t io (f) with the emit ter radius (r) as a p a r a m e t e r . The 
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r^ 1.27 cm 
5 -

2 
u 
b. 
o 
X 3 
« -

z 
lU 

E 
o 

r= 0.317 em 

X X 
0.2 0 . 4 0.6 

f CVOLTAGE LOSS RATIO I 

0 .8 1.0 

F i g . B . 6 - - Relat ionship of emi t t e r length to voltage loss 
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e m i t t e r l eng th i n c r e a s e s bo th wi th i n c r e a s i n g f and wi th i n c r e a s i n g r . The 

i n c r e a s e of i wi th i n c r e a s i n g f r e s u l t s p r i m a r i l y f r o m the fact t ha t l a r g e r 

v a l u e s of f i m p l y l a r g e r a l l o w a b l e v o l t a g e l o s s e s and c o n s e q u e n t l y the c e l l 

l eng th can be i n c r e a s e d . The i n c r e a s e of ^ wi th i n c r e a s i n g r i s a c o n s e q u e n c e 

of the r a d i u s s q u a r e d d e p e n d e n c y of the e l e c t r i c a l conduc t ion pa th in the 

e m i t t e r wh i l e the e m i s s i o n a r e a i s p r o p o r t i o n a l to the f i r s t p o w e r of the 

r a d i u s . 
E 

F i g u r e B - 7 shows the e m i t t e r v o l u m e f r a c t i o n (v ) a s a funct ion of 

f and the p a r a m e t e r r . I n c r e a s e s in bo th f and r r e s u l t in h i g h e r v a l u e s of 
E 

V . The in f luence of f i s b e s t o b s e r v e d t h r o u g h i t s effect on l . S ince 

i n c r e a s i n g f r e s u l t s in i n c r e a s e i , the o v e r - a l l effect of i n c r e a s i n g r o r f 

i s to i n c r e a s e the s i z e of the i nd iv idua l e n a i t t e r s and h e n c e h i g h e r e m i t t e r 

v o l u m e f r a c t i o n s a r e r e a l i z e d , 
E S E 

The t r i - p r o d u c t quan t i ty (v v (r^) ) which i s p r o p o r t i o n a l to the 

a v e r a g e r e a c t o r e l e c t r i c a l p o w e r d e n s i t y i s shown in F i g u r e B - 8 . A s 

e x p e c t e d j the p o w e r d e n s i t y t e r m i n c r e a s e s wi th d e c r e a s i n g e m i t t e r r a d i u s . 

T h e d e p e n d e n c y on f, h o w e v e r , d e p e n d s on the s i z e of the e m i t t e r . F o r 

s m a l l X, i n c r e a s i n g f r e s u l t s in i n c r e a s e s in p o w e r d e n s i t y . F o r l a r g e r , 

i n c r e a s i n g f r e s u l t s in d e c r e a s e s in p o w e r d e n s i t y . 

Both the emi i t te r v o l u m e f r a c t i o n and the a v e r a g e p o w e r d e n s i t y a r e 

s lowly v a r y i n g func t ions of the quan t i ty f for v a l u e s of f in the r a n g e of 

0 . 5 to 1 .0 . T h i s r a n g e c o r r e s p o n d s to e m i t t e r s i z e s in the o r d e r of 2 . 5 to 

5 . 0 c m in l e n g t h . S m a l l e r f v a l u e s and a c c o r d i n g l y s h o r t e r e m i t t e r 

l e n g t h s t end to p e n a l i z e the e m i t t e r v o l u m e f r a c t i o n s . 

T h e g e n e r a l r a n g e of e m i t t e r r a d i i wh ich a p p e a r s a p p l i c a b l e to the 

1 m e g a w a t t p o w e r l e v e l i s about 0 . 6 to 0 . 9 c m . T h e s e r a d i i r e s u l t in 

r e l a t i v e l y high e m i t t e r v o l u m e f r a c t i o n s and a r e suff ic ient ly l a r g e to e a s e 

the f a b r i c a t i o n p r o b l e m s . The a p p l i c a b l e r a n g e of e m i t t e r volunTe f r a c t i o n s 

i s d i s c u s s e d in the fol lowing s e c t i o n . 
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5.2 REACTOR SPECIFICATIONS 

In the previous Bection, re la t ionships were es tabl ished which pe rmi t 

the calculat ion of the average e l ec t r i ca l power densi ty in the reac tor for a 

pa r t i cu la r fuel e lement configuration and for assumed thermionic per formance 

da ta . Reac tor cr i t ica l i ty must now be considered to es tabl ish c r i t i ca l core 

s izes for these fuel e lement configurations or otherwise to de te rmine the 

to ta l je lec t r ica l power output of the r e a c t o r . 

The c r i t i ca l s ize of a fast r eac to r i s p r ima r i l y control led, assuming 

a given reflector^ by the average fuel density in the c o r e . Since, in a 

thermionic r e a c t o r , fission heating is r e s t r i c t ed to the emi t t e r components 

only and the fuel is accordingly located only in the emi t te rs^ the average 

core fuel densi ty is de te rmined by the local emi t t e r fuel density and the 

core volume fraction occupied by the e m i t t e r s . Compact or smal l d iamete r 

r e a c t o r s demand both high local fuel dens i t ies plus high emi t te r volume 

f rac t ions . As the s ize of the core is increased^ e i ther or both of these 

factors may be reduced. 

To invest igate the effect of the local emi t t e r fuel density on the 

r eac to r specif icat ions! c r i t i ca l calculat ions were performed assuming the 

following component volume fract ions: 

emi t t e r 0.50 

coolant 0.15 

col lector 0. 13 

clad 0.06 

insulation 0.03 

void 0.13 

The fuel densi ty in the e m i t t e r s was adjusted by varying the UC weight 

fraction in the UC-ZrC emi t t e r m a t e r i a l . Var ia t ions in UC weight 

fraction were a lso used to achieve approximate power flattening throughout 

the core. Power flattening necess i t a t e s high fuel dens i t ies in the outer 

regions of the core with gradual decreas ing fuel densi ty toward the center 

r eg ions . Each calculat ion, then, i s r e f e r r ed to by means of the par t i cu la r 
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maximum UC weight fraction, employed at the outer region of the co re -

the inner regions having UC -weight fract ions of l e s s e r magni tudes . 

The de ta i l s of the calculat ional methods employed a r e presen ted in 

Section VI. In general^ the calculat ions were performed using the DSN 

t r a n s p o r t code with 10 neutron g roups . A spher ica l r eac to r geomet ry was 

assumed with a 2 inch bery l l ium ref lec tor considered constant for a l l 
23 5 

c a s e s . The fuel was considered a s 93 percen t enr iched fin U ) u ran ium 

and the coolant a s na tu ra l isotopic content l i th ium. The core was divided 

into 8 regions to p e r m i t fuel densi ty var ia t ions for power flattening. 

The computed co re d i a m e t e r , fuel loading, co re weight, and total 

r eac to r weight a r e p resen ted in F i g u r e s B. 9, B . 10^ and B. 11^ and B. 12 

a s a function of the max imum UC weight fract ion in the e m i t t e r s . The 

maximum fuel densi ty was var ied from that corresponding to a 1.00 weight 

fraction UC emi t t e r to a 0 .50 weight fraction UC-0 . 50 weight fraction 

ZrC e m i t t e r . If the fuel e lement configuration shown in F igu re B. 4 i s 

a s sumed genera l ly r ep resen ta t ive over th is fuel densi ty r ange , the c o r r e s ­

ponding total r e a c t o r e l ec t r i ca l power range can be obtained. The average 

e l ec t r i ca l power densi ty for th is fuel e lement configuration i s 14.3 w a t t s / 

c m . Accordingly, the §.50 UC emi t t e r weight fraction cor responds to a 

r eac to r e l ec t r i ca l power of about 5 megawat t s , the 0.80 UC weight fraction 

about 1 megawatt , and the 1.00 UC weight fraction about 1/3 megawat t . 

The average fuel densi ty and hence the c r i t i c a l r e a c t o r s ize can a l so 

be adjusted by varying the core volume fraction of the e m i t t e r s . The 0.80 

maxinmm UC weight fraction case was assumed typical of the emi t t e r fuel 

dens i t ies per ta ining to a 1 megawatt power level . With th is maximum fuel 

densi ty held constant , the e in i t ter volume fraction WAS var ied by substituting 

emi t t e r volume fraction for coolant volume fract ion. All other m a t e r i a l 

volume fractions 'were held constant . The resul tant r eac to r specifications 

a r e shown in F i g u r e s B. 13^ B. 14^ B . 15, and B , 16 as a function of emi t t e r 

volume fract ion. Again the t rend of r eac to r s i ze , weight, and fuel loading 

i s observed a s the average fuel densi ty i s var ied; lower emi t t e r volume 
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fractions imply lower average fuel dens i t ies with resul tant i n c r e a s e s in 

r eac to r d i ame te r , fuel loading, and weight. 

Mutually compatible values of r eac to r e lec t r i ca l power level and 

c r i t i ca l core d i ame te r a r e presented in F igure B .17. These values a r e 

generated by cor re la t ing the emi t t e r volume fraction, power densi ty, and 

core d i ame te r data presented in F igu re s B .7 , B. 8, and B. 13. F o r a 

1 megawatt power level , the range of applicable core d i a m e t e r s is 

approximately 50 to 55 c m . Referr ing to F igure B. 13, the corresponding 

emi t t e r volume fraction range is about 0.46 to 0 . 5 1 . A represen ta t ive 

emi t t e r volume fraction of 0.50 (assuming a maximum UC weight fraction 

of 0.80) was selected for the fuel element design point. 

5.3 CONCLUSIONS 

In studying the design data presented in the previous sec t ions , it 

should be noted that the final fuel e lement design point selection is based 

on a la rge number of uncer ta in design p a r a m e t e r s . Because of these 

uncer t a in t i e s , an exhaustive study has not been c a r r i e d out to optimize the 

design with r e spec t to any pa r t i cu la r quantity. The co r rec t in terpre ta t ion 

of the r e su l t s i s that the l isted design r e p r e s e n t s a typical thermionic fuel 

e lement configuration which is believed to be compatible with the ove r - a l l 

r equ i r emen t s of a space thermionic r eac to r operating at an e lec t r i ca l 

power level of approximately 1 megawat t . F u r t h e r refinement is n e c e s s a r y 

to es tabl ish specific component d imensions for any par t icu la r set of r e q u i r e ­

m e n t s . 

Changes in thermionic per formance (J, v ), differences in total 

voltage output requi red per fuel e lement , possible adjustments in the 

allowable emi t t e r UC weight fractions as a resu l t of meta l lurg ica l cons idera­

t ions , changes in r eac to r power level , e t c . , al l affect the fuel element 

component d imens ions . The choice of an approximate 14-volt fuel element 

output, for example , was made in o rder to achieve re la t ively high values 

of both the average power densi ty and the emi t te r volume fraction. At a 
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r eac to r power level of 1 megawatt , these high values a r e difficult to 

achieve s imultaneously if a la rge number of thermionic cel l a re located in 

the fuel e lement . As a r e su l t , a compromise was made in the voltage out-

put and the cel l lengths were sized to pe rmi t only 10 cel ls per e lement . 

If the r eac to r power level i s inc reased or if other p a r a m e t e r s a r e sub­

stantial ly a l t e red , the choice of cel l d imensions and accordingly the fuel 

e lement voltage output should be r e - examined . 

With the above r e se rva t ions in mind, the following data summary 

pertaining to the selected fuel element design is p resen ted ; 

Fue l e lement length 

Thermionic cel l length 

Emi t t e r length 

Number of s e r i e s cel ls 
per e lement 

Load voltage per cel l 

Load voltage per e lement 

Stem voltage loss per cel l 

Emi t t e r plus col lector voltage 

loss per ce l l 

Fue l e lement d i ame te r 

Emi t t e r rad ius 

R e a c t o r - a v e r a g e power densi ty 
R e a c t o r - a v e r a g e emi t t e r volume 

fraction 

20 inches 

2 inches 

1. 75 inches 

10 

1. 45 volts 

14.5 volts 

0.085 volt 

0.064 volt 

0.677 inch 

0.283 inch 

14.3 wa t t s / cm" 

0 . 5 0 
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VI. NUCLEAR CALCULATIONS 

6 . 1 GROUP CROSS SECTIONS 

The c r i t i c a l calculat ions were per formed using the DSN t r a n s p o r t 

code in the S approximat ion. Ten neutron groups were employed with the 

energy range pe r group as follows: 

Range 

1 

2 

3 

4 

5 

6 

7 

8~ 

9 

10 

Group c r o s s sect ions w e r e obtained f rom the sixteen group c r o s s sec t ions 

p repa red by Hansen and Roach at Los Alamos fref. 6 } . The top five energy 

groups employ fission spec t rum weighting. The remaining groups a r e flux 

weighted by means of a flat coll ision densi ty; for example 

Energy Range 

3 - 8 mev 

1 . 4 - 3 mev 

0 .9 - 1.4 mev 

0 . 4 - 0 . 9 mev 

0 .1 » 0 .4 mev 

17 - 100 kev 

3 - 1 7 kev 

0 . 5 5 - 3 kev 

too - 550 ev 

30 - 100 ev 

Emis s ion Spec t rum 

0.204 

0.344 

0.168 

0.180 

0.090 

0.014 

0 

0 

0 

0 

Detai ls of the specification of the capture and fission group c r o s s sect ions 

in the resonance regions a r e given in re ference 6. 

The ten group c r o s s sect ions for the individual m a t e r i a l s considered 

in the thermionic r e a c t o r calculat ions a r e l isted in the following pages . 
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^235 

G r o u p 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

^ f 

1 .21 

1.22 

1.22 

1.20 

1.43 

2 . 5 

4 . 2 

7 . 9 

1 8 . 7 

3 8 . 0 

0 
t r 

4 . 2 5 

4 . 5 0 

4 . 6 2 

5 . 2 

7 . 9 

1 2 . 4 

1 5 . 1 

2 1 . 1 

3 7 . 2 

6 8 . 0 

o. . 
1 - * 1 

1,20 

1 , 77 

2 . 3 0 

3 . 4 2 

6 . 1 6 

9 . 2 

9 .55 

9 . 9 5 

9 .95 

9 .95 

i -^- i+ l 

0 . 2 7 

0 , 2 4 

0 , 5 5 

0 . 3 5 

0 . 0 8 

0 . 0 5 

0 .05 

0 . 0 5 

0 . 0 5 

0 . 0 5 

V 1+2 

0 . 3 7 

0 . 6 7 

0 . 4 0 

0 . 0 8 

V 1+3 

0 . 6 5 

0 . 4 5 

0 . 0 7 

V i+4 

0 , 4 4 

0 . 0 7 

V i+6 

0 .06 

y238 

Group a 

1 0 . 6 1 6 

2 0 . 4 8 5 

3 0.044 

4 0 . 

6 0 . 

6 0. 

7 0. 

8 0. 

9 0. 

10 0. 

a 
t r 

4 . 0 0 

4 . 4 

4 . 5 

5 ,25 

8 . 2 

12 . 0 

1 4 . 0 

1 5 . 0 

2 2 . 0 

5 9 . 0 

O". . 

1.254 

1.825 

2 .906 

4 .53 

7 .96 

11 .45 

1 3 . 2 4 

12 .94 

10 .95 

8 . 9 4 

V i + 1 
0 .33 

0 . 3 5 

0 . 8 0 

0 . 5 0 

0 . 0 8 

0. 10 

0 , 0 6 

0 .06 

0 . 0 5 

0 .06 

V i+2 

0 .46 

0 .96 

0 .55 

0 .08 

°i-> i+3 

0 . 7 9 

0 . 6 4 

0. 10 

V i+4 
0.53 

0 .09 

V i + 5 

0 . 0 7 
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Z r 

Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

« t r 

2.60 

3.10 

3.84 

6 .21 

7.21 

7.91 

7.644 

6.552 

6.383 

6.165 

cr. . 

1.497 

2.395 

3.343 

5,978 

7.060 

7.788 

7.533 

6.453 

6.257 

6.028 

Vi+1 
0 . 6 

0 , 4 

0 . 3 

0.22 

V i+2 
0 . 3 

0 . 2 

0.150 

Vi+3 
0 . 2 

0 . 1 

Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

^ t r 

1.23 

1.42 

2.Z6 

2.93 

3.59 

4 .25 

4 .44 

4 .34 

4 .34 

4 .34 

o. . 

0.715 

1.106 

1.404 

2.326 

3.157 

3.849 

4.012 

3.912 

3.912 

3,737 

Vi+1 
0.515 

0.314 

0.856 

0.604 

0.433 

0.401 

0.428 

0.428 

0.428 

0.603 
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L i 

proup . 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1.03 

1.00 

1.12 

1.70 

4 . 4 7 

1.65 

2 . 2 

5 . 1 

1 0 . 5 

2 0 . 7 

0 . . 
X-* 1 

0 . 4 3 4 

0 . 4 3 8 

0 . 2 7 0 

0 . 7 0 2 

1.909 

0 . 6 4 8 

0 . 6 4 5 

0 . 6 4 2 

0 . 6 4 2 

0 . 5 7 7 

V i + l 
0 . 4 8 6 

0 . 2 9 8 

0 , 5 9 0 

0 . 4 9 8 

0 . 6 1 1 

0 . 1 5 2 

0 . 1 5 5 

0 . 1 5 8 

0 . 1 5 8 

0 . 2 2 3 

V 1+2 

0 . 0 3 4 

L i ' 

proup 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 10 

^ r 

1.10 

1.14 

1.24 

1.11 

2 . 9 9 

0 . 9 4 

0 . 9 7 

0 . 9 7 

0 . 9 7 

0 . 9 6 8 

6. . 

0 . 4 3 

0 . 6 7 

0 . 4 1 

0 . 6 9 2 

2 . 3 7 

0 . 7 9 

0 . 8 1 

0 . 8 1 

0 . 8 1 

0 . 7 3 6 

^ i ^ i + 1 

0 . 6 7 

0 . 4 5 

0 . 8 3 

0 . 4 1 6 

0 . 6 2 

0 . 15 

0. 16 

0 . 1 6 

0 . 1 6 

0 . 2 3 1 

V i+2 

0 . 0 2 

0 . 0 0 2 
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Mo 

Group 

1 

2 

3 

1 4 

1 5 

6 

7 

8 

9 

10 

2,4 

2.9 

3.9 

6 .2 

8 .2 

7.9 

7 ,1 

8.05 

9.16 

9.36 

1.39 

2.13 

3,46 

5,93 

7.98 

7.63 

6.62 

6.47 

6.18 

5.86 

Vi+i 
0.5 

0.4 

0.3 

0.20 

0.13 

0.10 

0.08 

0.08 

0.08 

0.10 

^ i - * 1+2 

0,03 

0,25 

0 .1 

Vi+3 
0,2 

0 .1 

Nb 

Group 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

^ t r 

2 ,4 

2 .9 

3 ,9 

6 .2 

8 ,2 

8,0 

7,2 

8.6 

8 ,8 

6 .4 

Vi 
1,39 

2,13 

3,46 

5.95 

7.99 

7,50 

5.92 

5.92 

5,92 

5.90 

Vi+1 
0,5 

0 .4 

0.30 

0.20 

0,13 

0.10 

0,08 

0,08 

0.08 

0.10 

Vi+2 
0,3 

0.25 

0 ,1 

Vl+3 
0.2 

0 .1 
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Al 

Group 

1 1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

^ t r 

1 .8059 

2 . 0 2 2 3 5 

2 . 1 4 0 3 8 

2 . 7 2 0 7 

2 . 8 3 2 

1.43 5 

1.463 

1.365 

1.366 

1.366 

o. . 
1-^1 

1.10 

1.662 

1.61 

2 . 4 7 

6 . 6 9 

1.36 

1.398 

1.304 

1.303 

1.276 

Vi+1 
0 . 5 6 

0 . 2 3 

0 . 3 8 

0 . 2 5 

0. 14 

0 . 0 7 

0 .063 

0 . 0 6 0 

0 . 0 6 0 

0 . 0 8 4 

V i+2 
0 . 1 0 

0 . 11 

0 . 1 4 

Vi+3 
0 . 0 3 

0 . 0 2 

0 . 0 1 

. ,___°!!. 
G r o u p 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

^ t r 

1.33 

1. 18 

3 . 2 3 

3 . 6 3 

3 . 7 1 

3 . 2 6 

3 . 5 5 

3 . 6 4 

3 . 6 4 

3 . 6 4 

1-^ 1 

0 . 8 6 6 

0 . 9 8 9 

3 . 3 2 8 

3 . 0 7 4 

3 . 3 7 3 

3 . 0 2 9 

3 . 2 9 5 

3 . 3 70 

3 .370 

3 . 2 6 0 

i-* i+ 

0 . 4 2 4 

0 . 1 9 1 

0 . 9 0 2 

0 . 5 5 6 

0 . 3 3 7 

0 . 2 3 1 

0 . 2 5 5 

0 . 2 7 0 

0 . 2 7 0 

0. 380 
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Be 

Group 

1 

2 

3 

4 

5 

6 

7 

B 

9 

10 

^ t r 

1.291 

1.475 

2.38 

3.31 

3.94 

5.18 

5.28 

5.37 

5.42 

5.46 

a. . 

0,432 

0.934 

1.173 

2.397 

3.306 

4.525 

4.60 

4.66 

4 .71 

4,45 

Vi+i 
0,818 

0.509 

1.207 

0.913 

0.634 

0.655 

0.68 

0.71 

0.71 

1.01 

Vi+2 
0.35 

0.12 
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6.2 POWER FLATTENING 

The approximate effects of power flattening on reac to r s ize , weight, 

and fuel loading were included in the calculat ions by varying the local fuel 
9 

densi ty as a function of rad ius in the r e a c t o r . This fuel density var ia t ion 

was made in eight d i s c r e t e zones throughout the core with the dens i t ies 

uniform in any one zone. The dis tr ibut ion of fuel from zone to zone was 

estirpiated by one-group diffusion theory . 

F o r the core region, the applicable neutron balance equation is 

D Y^0 + ( y S ^ - S"") ^ = 0 
c c f a c 

c c 

V V + ( ~:r--^) 0 = 0 
c u c 

c 

To achieve a uniform power dis t r ibut ion, the product of "^ 0 i s a constant 

independent of r a d i u s . To simplify the equation, the assumpt ion is made 

that 2 i s p r ima r i l y dependent on the fuel contribution and the t e r m 
S 0 i s , t he re fo re , a constant . If it i s further a s sumed that D is 

a c c 

re la t ively insensat ive to fuel va r i a t ions , the ent i re right hand t e r m in the 

equation is a constant and the equation becomes 

Y^0 + Z = 0 
c 

where 
„ c ^ c VS^ - s 

, I a . _/C 2, - ( j (^ = constant 

c 

The solution of this equation, in spher ica l geometry , is 

In the ref lec tor , the neutron balance equation takes the form 
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with the solution 

0 R 

C sieh X (R+T - r) 

where 
R 

2 ^ a 

Applying the conditions of continuity of flux and net c u r r e n t a t the in ter face 

between the co re and the ref lec tor 

0 ^ (r=:R) = 0j^(r=R| 

D V0 (r=R) = D « V 0 « (r=R) 

The constants C and C a r e evaluated 

ZR^ ^ c ZR 

Xfcoth XT + —) 

,_ ™ sinh k T , 
<R cosh XT + ^—~ ) 

The flux d is t r ibut ion in the core then becomes 

0^ = I (R -̂r )̂ . 
D ZR 

c 

3 Dj^ X (coth XT + g ^ 

F o r S —> 0 and consequently X —••O, the express ion for 0 reduces to 

Z D R^T 

Substituting the express ion for Z and realiziing that 

I a t a 
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The core flux equation is r e a r r anged to yield the re la t ive fuel density as a 

function of rad ius 

3D R+T 
is. 

6.3 CALCULATION RESULTS 

A summary of the c r i t i ca l r eac to r conditions calculated for a range 

of maximum emi t t e r UC weight fractions from 1.00 to 0.50 and for a range 

of emiitter volume fractions from 0. 56 to 0.40 is as follows: 

Run 
No. 

1.0 

1.1 

1.24 

1.3 

1.4 

1.23 

1.22 

1.21 

Max. UC wgt. 
fraction 

1.00 

0.90 

0.80 

0.60 

0.50 

0.80 

0.80 

0.80 

emi t t e r 
volume 

fraction 

0.50 

0.50 

0.50 

0.50 

0.50 

0.56 

0.45 

0.40 

c r i t i ca l 
d i ame te r 

(cm) 

36 .6 

43.2 

50.8 

72.4 

91.3 

47 .2 

56.7 

63 .9 

c r i t i ca l 
fuel loading 

___JML___ 
119 

156 

203 

369 

568 

181 

250 

318 

ra t io of 
max . to avg. 

power densi ty 

1,068 

1.037 

1.070 

1.064 

1.119 

1.068 

1.069 

1.074 

23 5 
The U fuel dens i t i es employed and the i r dis t r ibut ion by zone in the 

core a r e as follows-: 
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N fatomic densi ty per b a r n - c m ) 
rv Zone 

Run\ 

1.0 

1.1 

1.24 

1.3 

1.4 

1.23 

1.22 

1.21 

L 
.00822 

.00624 

.00484 

,00290 

.00218 

.00531 

.00424 

.00369 

2 

.00830 

.00630 

.00488 

.00293 

.00220 

.00536 

.00428 

.00373 

3 

.00852 

.00649 

.00504 

.00303 

.00228 

.00554 

.00442 

.00385 

4 

.00894 

.00683 

.00532 

.00321 

.00242 

.00585 

.00468 

.00408 

5 

.00958 

.00738 

.00577 

.00351 

.00265 

.00635 

,00508 

.00444 

6 

.0105 

.00822 

.00648 

.00398 

.00302 

,00714 

.00572 

.00502 

1 
.0121 

.00955 

.00752 

.00476 

.00364 

.00842 

.00676 

.00597 

8 

.0146 

.0118 

.00962 

.00620 

.00480 

.0107 

.00860 

.00768 

F o r the fuel e lement design point of .50 emi t t e r volume fraction and 

0.80 maximum UC weight fraction (Run No. 1.24), the re la t ive fuel density» 

group flux dis t r ibut ion, and total power densi ty a r e shown in F i g u r e s B . 1 8 , 

B. 19t and B. 20 as a function of co re r ad iu s . 
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F i g . B .18 - - Relative fuel density as a function of core radius 
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Unclassif ied Repor t 
This r epor t de sc r ibe s p r o g r e s s on a r e s e a r c h and 
tes t p r o g r a m being conducted under Cont rac t AF 
33(6l6)-7422 on the deveioprnent of a high t e m p e r a ­
tu re , vapor-f i l led thermionic conver te r for appl i­
cation with a nuc lea r r e a c t o r for space-vehic le 
e l ec t r i ca l power genera t ion . P r o b l e m s assoc ia ted 
with the design and operat ion of a thermionic 
conver te r employing a U C - Z r C emi t t e r , a ces ium 
p l a sma for space charge neut ra l iza t ion , and a 
h igh - t empera tu re col lector a r e desc r ibed . 
E m i t t e r fabricat ion techniques a r e a lso desc r ibed . 
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A test cell employing a cyl indr ical U C - Z r C emi t t e r , 
which was p r e s s u r e bonded to a tantalum s leeve, 
and a l ow- t empera tu re copper col lector , was 
fabr icated and opera ted for 400 hours to provide 
exper imenta l da ta . The emi t t e r was opera ted at 
t empe ra tu r e s of the o rde r of 2000^C while the 
col lector t empera tu re was maintained at 200°C to 
300°C. 

This repor t a lso includes a conceptual design study 
for a thermionic power r e a c t o r incorpora t ing the 
thermionic conver te r under development. It was 
concluded that a thermionic fuel e lement would be 
about 20 inches long and 0. 68 inch in d i ame te r and 
would incorpora te 10 thermionic ce l l s . The load 
voltage pe r fuel elennent would be about 14. 5 volts 
and two e lements would be connected in pa ra l l e l 
(e lec t r ica l ly) to provide an output of 29 vol ts . The 
overa l l design would provide an e l ec t r i ca l power 
level of approximately 1 megawatt 
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Unclassif ied Report 

This r epor t desc r ibes p r o g r e s s on a r e s e a r c h and 
tes t p r o g r a m being conducted under Contract AF 
33(6l6)-7422 on the development of a high t empera ­
ture , vapor-f i l led thermionic conver te r for appl i­
cation %vith a nuclear r eac to r for space-vehic le 
e lec t r i ca l power generat ion. P r o b l e m s associa ted 
with the design and operat ion of a thermionic 
conver te r employing a UC-ZrC emi t t e r , a ces ium 
p lasma for space charge neutra l iza t ion, and a 
h igh- t empera tu re collector a r e desc r ibed . 
Emi t t e r fabrication techniques a r e a lso ^ e s c r i b e d . 
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A test cell employing a cyl indrical UC-ZrC emi t t e r , 
which was p r e s s u r e bonded to a tantalum sleeve, 
and a low- tempera tu re copper col lector , was 
fabricated and operated for 400 hours to provide 
exper imenta l data . The emi t t e r was operated at 
t empe ra tu r e s of the o rde r of 2000°C while the 
collector te rnpera ture was maintained at 200*^C to 
300°C. 

This repor t also includes a conceptual design study 
for a thermionic power r e a c t o r incorporat ing the 
thermionic conver te r under development. It was 
concluded that a thermionic fuel element would be 
about 20 inches long and 0. 68 inch in d iamete r and 
would incorpora te 10 thermionic ce l l s . The load 
voltage p e r fuel elennent would be about 14. 5 volts 
and two e lements would be connected in para l le l 
(e lect r ical ly) to provide an output of 29 volts . The 
overal l design would provide an e lec t r ica l power 
level of approximately 1 megawatt 
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Rpt Nr ASD-TR-61-§13,Pt II. HIGH-TEMPERATURE, 
VAPOR-FILLED THERMIONIC CONVERTER. 
Final report, June 62, li3p, imel i l lus . , tables, 
7 refs. 

Unclassified Report 
This report describes progress on a research and 
test program being conducted under Contract AF 
33(616)-7422 on t te development of a high tempera-
tu*e, vapor-filled thej-mionie converter for appU-
cition with a nuclear reactor for space-vehicle 
elsctrical po-wer generation. Problems associated 
with the design and operation of a thermionic 
ednverter employing a UC-ZrC emitter, a cesium 
plasma for space charge neutralization, and a 
Mgh-teTOperature collector are described. 
Emitter fabrication techniques are also_^^cribed. 
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plasma for space charge neutralization, and a 
high-temperature collector are described. 
Emitter fabrication techniques are alio_^«scribed. 

/ \ 

-\i-
I OVtf 

1. 

2. 
3 . 

4 . 
1. 

11. 

III. 

IV. 

V. 

VI. 

Electrical power 
production 
Generators 
Direct energy 
conversion 
Thermionic* 
AFSC Project 3145, 
Task 60962 
Contract AF33(616)-
7422 
General Atomic Div. 
of General Dynamics 
Corp., San Diego, 
California 
A,E, Campbell, 
et al. 
General Atomic Rpt 
GA-2911 
Aval fr OTS 

VII. la ASTIA collection 

A test cell employing a cylindrical UC-ZrC emitter, 
which was pressure bonded to a tantalum sleeve, 
and a low-temperature copper collector, was 
fabricated and operated for 400 hours to provide 
experirrieatal data. The emitter was operated at 
temperatures of the order of 2000°C while the 
collector temperatare was maintained at 200°C to 
300'^C. 
This report also includes a conceptual design study 
for a thermionic power reactor incorporating the 
thermionic converter under development. It was 
concluded that a thermiorac fuel element would be 
about 20 inches long and 0,68 inch in diameter and 
wouM incorporate 10 thermionic cells. The load 
voltage per fuel element would be about 14. 5 volts 
and two elements wotsW be connected in parallel 
(electrically) to provide an output of 29 volts. The 
overall design would provide an electrical power 
level of approximately I megawatt 
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and a low-temperature copper collector, was 
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temperatures of the order of 2000°C while the 
collector temperature was maintained at 200°C to 
300°C. 
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for s thermionic power reactor incorporating the 
thermionic converter under development. It was 
concluded that a thernnionic fuel element would be 
about 20 inches long and 0. 68 inch in diameter and 
would incorporate 10 thermionic cells. The load 
voltage per fuel element would be about 14. 5 volts 
and two elements would be connected in parallel 
(electrically) to provide an output of 29 volts. The 
overall design would provide an electrical power 
level of approximately 1 megawatt 
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Unclassif ied Report 
This r epor t desc r ibes p r o g r e s s on a r e s e a r c h and 
tes t p r o g r a m being conducted under Contrac t AF 
33(6l6)-7422 on the development of a high t e m p e r a ­
tu re , vapor- t iUed thermionic conver te r for appl i ­
cation with a nuc lear r eac to r for space-vehic le 
e l ec t r i ca l power generat ion P r o b l e m s assoc ia ted 
with the design and operat ion of a thermionic 
conver te r employing a UC-ZrC emi t t e r , a ces ium 
p l a sma for space charge neutra l iza t ion, and a 
h igh - t empe ra tu r e col lector a re desc r ibed 
E m i t t e r fabrication techniques a r e a lso ^described 
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A tes t cell employing a cyl indr ical U C - Z r C emi t t e r , 
which was p r e s s u r e bonded to a tantalum s leeve , 
and a l ow- t empera tu re copper col lector , was 
fabr icated and operated for 400 hours to provide 
exper imenta l data . The emi t te r was opera ted at 
t e m p e r a t u r e s of the o rde r of 2000°C while the 
col lector t empera tu re was maintained at 200°C to 
300°C. 

This r epo r t a lso includes a conceptual design study 
for a thermionic power reac to r incorpora t ing the 
thermionic conver te r under development. It was 
concluded that a thermionic fuel e lement would be 
about 20 inches long and 0 68 inch m d i a m e t e r and 
would incorpora te 10 theriruonic cel ls The load 
voltage pe r fuel e lement would be about 14 5 volts 
and two elernents would be connected m pa ra l l e l 
(e lec t r ica l ly) to provide an output of 29 volts The 
overa l l design would provide an e l ec t r i ca l power 
level of approxinaately 1 megawatt 
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Unclassif ied Report 
This repor t desc r ibes p r o g r e s s on a r e s e a r c h and 
test p r o g r a m being conducted under Contract AF 
33(6l6)-7422 on the development of a high t empera ­
ture , vapor-f i l led thermionic conver te r for appli­
cation with a nuclear r eac to r for space-vehicle 
e lec t r ica l power generat ion P r o b l e m s associated 
with the design and operat ion of a thermionic 
conver ter employing a UC-ZrC emi t t e r , a cesium 
p lasma (or space charge neutra l iza t ion, and a 
h igh- tempera ture collector a r e descr ibed 
Emi t t e r fabrication techniques a re a lso descr ibed. 
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A test cell employing a cyl indrical UC-ZrC emi t t e r , 
which was p r e s s u r e bonded to a tantalum sleeve, 
and a low- tempera tu re copper col lector , was 
fabricated and operated for 400 hours to provide 
exper imental da ta . The emi t t e r was operated at 
t empera tu re s of the o rde r of 2000°C while the 
collector t empera tu re was maintained at 200°C to 
300°C. 

This repor t also includes a conceptual design study 
for a thermionic power reac to r incorporat ing the 
thermionic conver ter under development It was 
concluded that a thermionic fuel e lement would be 
about 20 inches long and 0 68 inch m diameter and 
would incorpora te 10 thermionic cells The load 
voltage per fuel element would be about 14 5 volts 
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(e lectr ical ly) to provide an output of 29 volts The 
overal l design would provide an e lec t r ica l power 
level of approximately 1 megawatt 
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Unclassif ied Repor t 
This r e p o r t d e s c r i b e s p r o g r e s s on a r e s e a r c h and 
tes t p r o g r a m being conducted under Cont rac t AF 
33(616)-7422 on the development of a high t e m p e r a ­
tu re , vapor- f i l led thermionic conver te r for appl i ­
cation with a nuc lea r r e a c t o r for space-vehic le 
e l ec t r i ca l power genera t ion . P r o b l e m s assoc ia ted 
with the design and operat ion of a thermionic 
conver te r employing a UC-ZrC emi t t e r , a ces ium 
p l a s m a tor space charge neut ra l iza t ion , and a 
h i g h - t e m p e r a t u r e col lector a r e desc r ibed . 
E m i t t e r fabricat ion techniques a r e a lso _^^c r ibed . 
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Unclassified Report 
This repor t de sc r ibe s p r o g r e s s on a r e s e a r c h and 
tes t p r o g r a m being conducted under Contract AF 
33(6l6)-7422 on the development of a high t empera ­
tu re , vapor-f i l led thermionic conver ter for appli­
cation with a nuc lear r eac to r for space-vehicle 
e l ec t r i ca l power genera t ion. P r o b l e m s associa ted 
with the design and operat ion of a thermionic 
conver te r employing a UC-ZrC emi t te r , a ces ium 
p l a sma for space charge neutral izat ion, and a 
h igh - t empera tu re col lector a r e descr ibed . 
E m i t t e r fabricat ion techniques a r e also _^^c r ibed . 
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A tes t cell employing a cyl indr ical U C - Z r C emi t t e r , 
which was p r e s s u r e bonded to a tantalum s leeve , 
and a l o w - t e m p e r a t u r e copper col lector , was 
fabr icated and opera ted for 400 hours to provide 
exper imenta l da ta . The e m i t t e r was opera ted at 
t e m p e r a t u r e s of the o r d e r of 2000°C while the 
col lec tor t e m p e r a t u r e was maintained at 200°C to 
300°C. 

This r epo r t a l so includes a conceptual design study 
for a thermionic power r e a c t o r incorpora t ing the 
thermionic conve r t e r under development . It was 
concluded that a thermionic fuel e lement would be 
about 20 inches long and 0. 68 inch in d i ame te r and 
would inco rpora t e 10 thermionic ce l l s . The load 
voltage pe r fuel e lement would be about 14. 5 volts 
and two e l emen t s would be connected in pa ra l l e l 
( e lec t r i ca l ly ) to provide an output of 29 vol ts . The 
overa l l design would provide an e l ec t r i ca l power 
level of approximate ly 1 megawatt 
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300°C. 

This r epor t a l so includes a conceptual design study 
for a thermionic power reac to r incorporat ing the 
thermionic conver te r under development. It was 
concluded that a thermionic fuel element would be 
about 20 inches long and 0. 68 inch in d iamete r and 
would incorpora te 10 thermionic cel ls . The load 
voltage per fuel element would be about 14. 5 volts 
and two e lements would be connected in pa ra l l e l 
(e lec t r ica l ly) to provide an output of 29 vol ts . The 
overa l l design would provide an e lec t r ica l power 
level of approximately 1 megawatt 
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