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FOREWORD 

The work covered by this r epor t was acconnplished under Air Force 
Contract AF 33(657)-8563, but this repor t is being published and dis t r ibuted 
p r i o r to Air F o r c e review. The publication of this r epor t , there fore , does 
not consti tute approval by the Air F o r c e of the findings or conclusions con­
tained he re in . It is published for the exchange and st imulat ion of ideas. 



INTRODUCTION 

The exist ing p r o g r a m of r e s e a r c h on a h igh - t empera tu re , v a p o r -
filled the rmion ic conve r t e r is a continuation of the efforts init iated under 
Contract AF 33(616)-7422, under which a cell was operated for 400 hr and 
produced up to 1. 7 w a t t s / c m of power .* 

This q u a r t e r l y r epor t covers the work done during the per iod fronri 
March 15 to June 30, 1962, on a bench test of an unclad thermionic conver te r . 
The objective of this work is to produce an efficient, h igh-power-dens i ty , 
long-life t he rmion ic power conver te r using a u r an ium-z i r con ium-ca rb ide 
emi t t e r and a h i g h - t e m p e r a t u r e nickel col lector . 

At the s t a r t of this contract a cell ( re fe r red to as Mark V, Cell E) 
complete with an e m i t t e r was avai lable . The col lector , made of "A" nickel , 
was instal led, and the cel l opera ted for 1034 hr and produced up to 14 watts 
of power. The e m i t t e r used in Cell E was made of 10% UC and 90% ZrC 
powder h o t - p r e s s e d onto a hollow tantalum s tem. Although a number of 
minor fa i lures o c c u r r e d , the cell was sti l l in good condition at the end of 
the run, though a d e c r e a s e in power output had been observed. Cell o p e r a ­
tion was discont inued in o r d e r to study the effect of t empe ra tu r e and ces ium 
on al l c r i t i ca l components . F u r t h e r bench test ing of 10% UC —90% ZrC has 
been discontinued, s ince higher u ran ium concentrat ions offer g r e a t e r p romise 
for use in the rmion ic r eac to r fuel e l ements . 

OPERATION OF C E L L E 

The par t i a l ly a s s e m b l e d cell was placed in a bell j a r (see F ig . 1) 
and the emi t t e r was hea ted to 2200°K in vacuum to drive off all ga se s . The 
col lec tor was outgassed sepa ra te ly , then the two pa r t s were joined and 
sea led by e l e c t r o n - b e a m welding. A smal l leak in the emi t te r thermocouple 
was detected, which was sea led by potting the ex terna l end of the t h e r m o ­
couple sheath with a l o w - v a p o r - p r e s s u r e epoxy res in . After final bakeout, 
the h i g h - t e m p e r a t u r e , h igh-vacuum valve was closed, the ces ium ampule 
was broken, and the cell t e m p e r a t u r e was r a i sed to 500 K. 

The cell was opera ted continuously except for a fev,' ins tances which 
will be d i s c u s s e d l a t e r . During per iods of unattended operat ion, bihourly 

*A. E. Campbel l , F . D. Ca rpen te r , J. B. Dunlay, and R. W. Pidd, 
H i g h - t e m p e r a t u r e . Vapor- f i l led Thernnionic Conver te r , Genera l Atomic, 
Repor t GA-2911, Apr i l 4, 1962. 
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Fig. 1--Cell E in bell j a r , with cooling coils, 
h e a t e r s , and thermocouples installed 

checks were made on the p r e s s u r e gauges , flow m e t e r s , a m m e t e r s , and 
volt m e t e r s . Safety c i rcu i t s prevented damage to the cell and the e x p e r i ­
ment . During no rma l working hou r s , the emi t te r t e m p e r a t u r e and the 
ces ium p r e s s u r e were t r ea t ed as var iab le test p a r a m e t e r s . A fairly con­
stant co l lec tor t e m p e r a t u r e of 750 to 800 K was mainta ined during the 
f i r s t 8 days of operat ion by the use of a water cooling coil . When this 
developed a leak, it was re 'ed and the collector floated up to higher 
t e m p e r a t u r e s . The ennitter tnermocouple began to act e r r a t i ca l l y and 
showed very low t e m p e r a t u r e s . It was believed that ces ium had pene t ra ted 
through the c rack in the sheath and was condensing at a cooler point, s h o r t ­
ing out the thermocouple l eads . F r o m a previously de te rmined p o w e r -
t e m p e r a t u r e cor re la t ion , however, the emi t te r t e m p e r a t u r e could be 
e s t ima ted with reasonable accuracy . All subsequent data were based on 
this emi t t e r t e m p e r a t u r e es t imat ion . 

A loss of Dowtherm coolant flow due to low r e s e r v o i r level o c c u r r e d 
twice during the 1034 hr of operat ion and the cell was operated at a reduced 
input power while Dowtherm was added to the sys tem (approximately 4 h r 
of refi l l ing t ime) . After 600 h r of operat ion, the bombardment fi lament 
burned out and was replaced . The ambient p r e s s u r e surrounding the cel l 
had to be brought to a tmospher ic p r e s s u r e during this operat ion by i n t r o ­
ducing argon into the bel l j a r . Subsequent cell output was much lower than 
that p rev ious ly obtained, but after a few days of operat ion it i nc reased to 
a level of about one-half the or ig inal output. It is feared that the cell might 
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have been leaking, and thus a smal l amount of oxygen could have entered 
the cell while the filament was being replaced. The cell continued to 
opera te at the reduced level until 1008 hr had been accumula ted . Then the 
emi t t e r t e m p e r a t u r e was r a i sed to 2500 K to study the output at that 
t e m p e r a t u r e . 

L o w - c e s i u m - p r e s s u r e studies and back-emiss ion s tudies were con­
ducted just p r io r to d ismant l ing of the cell . 

POSTOPERATIVE ANALYSIS 

After the conclusion of the run, an extensive pos topera t ive analysis 
was initiated. The most impor tant par t s of this ana lys is w e r e studies of 
the integri ty of the cell and its components; the de te rmina t ion of the 
p re sence of gases , if any in the cell; a reca l ibra t ion of the e ini t ter surface 
t e m p e r a t u r e v e r s u s power input; and, finally, me ta l lu rg ica l and chemical 
examination of all ma jor components . 

The fai lure of Cell D (see Report GA-2911) had, in par t , been a t t r i b ­
uted to contaminating gases within the cell . To obtain some information on 
these gases in Cell E, s i l ica gel and a gas bulb were in se r t ed into the 
external cell sys tem u p s t r e a m from the diffusion pump by the addition of a 
3-way valve (see Fig . 2). During this p roces s the ex te rna l tubing was in 
contact with a i r and it was noted that a meta l l ic deposit , which had formed 
in this external tubing during the 1000-hr run, had turned powdery white, 
a c lear indication that ces ium had leaked a c r o s s the seat of the h igh-
t e m p e r a t u r e , h igh-vacuum valve. La te r it was found that the cell itself 
had a lso developed two l eaks , one in the tantalum thermocouple sheath and 
the other in the coppe r - to -Kovar weld at the insula tor . Gas analys is ind i ­
cated the p re sence of ni t rogen, ox/gen, and argon, which was introduced 
when the cell was brought to a tmospher ic p r e s s u r e . Through two holes 
dr i l led into the col lec tor , a t e m p e r a t u r e cal ibrat ion was made ; the col lector 
was then cut off and the ca l ibra t ion was repeated. The thermocouple began 
to function proper ly again once the cesium was pumped out of the cell . 
Detailed me ta l lu rg ica l examinat ion and chemical analyses a r e now in p r o g ­
r e s s cn the Titter, the co l lec tor , and the insu la tor . Included in this 
examinatioi .-. a quanti tat ive analys is for uran ium in deposi ts on the co l l ec ­
tor and for ces ium pene t ra t ion of the insula tor , and a meta l lographic 
study of the UC — ZrC bond a r e a . P r e l i m i n a r y ana lyses indicate that the 
condensate on the col lec tor is p r i m a r i l y u ran ium. 
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V > vc/ 
Fig . 2 - -Schemat i c of cell set up in bel l j a r 
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C E L L E D A T A 

Whi l e t h e o b j e c t of t h i s p r o j e c t i s p r i m a r i l y to d e m o n s t r a t e the l o n g -
l i fe p e r f o r m a n c e a n d h i g h p o w e r d e n s i t y of an u n c l a d t h e r m i o n i c c o n v e r t e r , 
c o n s i d e r a b l e d a t a t o b r o a d e n t h e u n d e r s t a n d i n g of s u c h a c e l l w a s o b t a i n e d 
f r o m C e l l E . 

T h e m a x i m u m X'ower ou tpu t w a s 14 w a t t s ; t h i s w a s o b t a i n e d at a n 
e m i t t e r t e m p e r a t u r e of 2414 K, a c o l l e c t o r t e m p e r a t u r e of 1023 K, and a 
c e s i u m p r e s s u r e of 9 m m Hg. T h i s output r e s u l t e d in an e f f i c iency of 2%. 
T h e c e l l ou tpu t i s p l o t t e d for a c e s i u m p r e s s u r e of 4 m m Hg a n d an 
e m i t t e r t e m p e r a t u r e of 2323 K o v e r the t o t a l l e n g t h of the run in F i g . 3. 
In m a n y i n s t a n c e s , t he ou tpu t fo r t he e x a c t e i n i t t e r t e m p e r a t u r e \ / a s i n t e r p o ­
l a t e d f r o m c u r v e s of c e l l p o w e r output v e r s u s e m i t t e r t e r - ^ o e r a t u r e ( s e e 
F i g . 4 ) . 

D u r i n g the d a y s fo r wh ich no da ta point is shown in F i g . 3, the ce l l w a s 
o p e r a t e d e i t h e r a t h i g h e r o r l o w e r c e s i u m p r e s s u r e s . A m a x i m u m o c c u r s 
fo r t h e p e r i o d b e t w e e n M a y 10 and May 18. When a n a l y z i n g the h i s t o r y of 
t he c e l l ou tpu t d a t a , it w a s found tha t h i g h e r c e l l ou tpu t a l w a y s fo l lowed 
p e r i o d s of c e s i u m p r e s s u r e h i g h e r t han 4 m m Hg. A l t h o u g h a f t e r o p e r a t i n g 
c o n d i t i o n s w e r e c h a n g e d , s e v e r a l h o u r s e l a p s e d b e f o r e a n o t h e r s e t of d a t a 
w a s t a k e n , i t i s p o s s i b l e t h a t t h i s i s i n su f f i c i en t t i m e to a l l o w for c o m p l e t e 
p r e s s u r e e q u a l i z a t i o n . It m i g h t be p o i n t e d out h e r e t h a t t h e ce l l h a s r e l a ­
t i v e l y l a r g e v o l u m e a n d t h a t t h e c o n n e c t i n g t ub ing to t he c e s i u m r e s e r v o i r 
i s l o n g a n d of s m a l l d i a m e t e r . T h i s m i g h t a l s o a c c o u n t for the l o w e r p o i n t s 
a t t he b e g i n n i n g of t h e r u n . 

F o l l o w i n g t h e f a i l u r e of t he f i l a m e n t (May 22) , t h e r e w a s a v e r y l a r g e 
d r o p in ou tpu t p o w e r , w h i c h i n c r e a s e d a f t e r s e v e r a l d a y s of o p e r a t i o n by a 
f a c t o r of t w o . S i n c e t h e c e l l w a s at v e r y low t e m p e r a t u r e s d u r i n g the one 
day u s e d for f i l a m e n t r e p l a c e m e n t and the next day , t h i s m a y in p a r t 
a c c o u n t fo r the low v a l u e s . A s i d e f r o m the f l u c t u a t i o n s , t h e r e w a s a d e -
c r e a s e in p o w e r o u t p u t o v e r t h e t o t a l o p e r a t i n g p e r i o d . 

T h e r e l a t i o n of c e s i u m p r e s s u r e to c e l l p o w e r ou tpu t i s p lo t t ed for 
t w o d i f f e r e n t p e r i o d s in F i g . 5. T h e five p o i n t s o b t a i n e d on A p r i l 26 w e r e 
t a k e n w i t h i n a p e r i o d of e igh t h o u r s by s t a r t i n g at 0. 5 m m Hg, t hen d e c r e a s ­
ing t h e p r e s s u r e , a n d f ina l ly i n c r e a s i n g i t . The c u r v e i s r e l a t i v e l y f la t a n d 
s h o w s a s l i g h t p e a k a t 0 . 5 m m H g . The nex t s e t of d a t a w a s t a k e n o v e r a 
p e r i o d of t e n d a y s . C e s i u m p r e s s u r e s w e r e v a r i e d o v e r t h e r a n g e f r o m 
1 m m t o 9 m m H g , bu t s p e c i ' ' i c p r e s s u r e s w e r e m a i n t a i n e d for l o n g e r 
p e r i o d s (up to 24 h r ) . T h e s e d a t a show a de f in i t e i n c r e a s e in c e l l p o w e r 
ou tpu t w i th i n c r e a s i n g c e s i u m p r e s s u r e . A m a x i m u m output of 5. 5 w a t t s 
w a s o b t a i n e d a t a c e s i u m p r e s s u r e of 6 m m Hg, w h i c h h a d b e e n m a i n t a i n e d 
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for 24 h r . However, there is no indication from these data where a m a x i ­
mum o c c u r s . Fo r the bulk of the 1000-hr per iod the cell was opera ted at 
a ces ium p r e s s u r e of 4-mm Hg. 

The emi t t e r t e m p e r a t u r e de terminat ion was somewhat inaccura te 
during this tes t because of the fai lure of the emi t t e r the rmocouple . A 
careful compar i son of the power input data v e r s u s sur face t e m p e r a t u r e 
before and after the 1034 hr showed very close co r r e l a t i on for a ba re 
emi t te r , i. e. , with no col lector (see Fig. 6). The good ag reemen t of the 
thermocouple ca l ibra t ions before and after the run subs tan t ia tes the power 
input ve r sus surface t e m p e r a t u r e cor re la t ion obtained during the ear ly 
days of operat ion, from which all subsequent emi t t e r t e m p e r a t u r e data 
were computed. A la rge difference existed between the power input r equ i re 
ment for a given emi t t e r t e m p e r a t u r e before and after the col lec tor was 
instal led; th is , however , is in agreement with the change in effective 
emiss ivi ty . 

Since 

p = o-E, AT 
b 

where p = power input = 600 wat ts , 
T = ba re emi t t e r t e m p e r a t u r e = 1800 K, 
A = total emi t t e r surface a r e a = 14. 5 cm , 
0" = constant = 5. 67 x 10 "•^- watts cm "^ °K"^ , 

then the emiss iv i ty for the ba re emi t t e r , E, , is 

^ b = 
crAT' ti i 

600 

5. 67 X 14. 5 X 1. 8 

0. 7 

The effective emiss iv i ty with the col lector ins ta l led can be computed 
from the data obtained on Apri l 26: 

It is a s sumed that (1) the heat lost by conduction is small in this 
design; (2) the power is consumed in the fi lament only- -a l l o ther l o s s e s 
a r e negligible; (3) the emi t t e r t e m p e r a t u r e is uniform; and (4) t he re is 
no radiat ion from the emitter stem. 
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^eff = - 7 - 4 
oAT 

390 

5. 67 X 14. 5 X Z'* 

= 0. 30, 

where T = 2000°K, 
P = 390 wat t s . 

The effective emiss iv i ty is a lso given as 

^1^2 
'eff E ^ M 1 - E ^ ) E ^ ' 

where , for long coaxial cy l inders , 
E^ = emiss iv i ty of emi t t e r = 0. 7 

Then, 

E = emiss iv i ty of col lec tor . 

E 
1 

2 1 , 1 

eff 1 

1 
+ 1 

0. 3 0. 7 

= 0. 35 . 

This high value of the emiss iv i ty of the col lector indicates that it has 
become t a rn i shed . 

By inc reas ing the col lector t e m p e r a t u r e to 1040 K, it was noted that 
an i n c r e a s e in max imum cell output occur red (see Fig. 7). Reducing the 
col lector t e m p e r a t u r e again did not reduce the power output to its or iginal 
value. 

It can be shown that a 10% d e c r e a s e in effective emiss iv i ty can 
account for the i n c r e a s e in cell output observed upon returning to the origi­
nal conditions. Genera l Atomic sponsored r e s e a r c h on deposition of c a r ­
bides on nickel indica tes a cons iderable d e c r e a s e in deposition r a t e as the 

o o 
nickel t e m p e r a t u r e is i n c r e a s e d from 400 to 1000 K. The evaporat ion 
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ra te of ca rb ides from a nickel surface at 1000°K has not been studied as 
such; however , the pe r fo rmance of Cell E could be explained on the bas i s 
of a d e c r e a s e in effective emiss iv i ty due to evaporation from the nickel 
sur face . 

The las t t e s t s on Cell E were back-emiss ion studies at t h ree differ­
ent ces ium p r e s s u r e s and an emi t t e r t empe ra tu r e of 2070 K. The resu l t s 
a r e p re sen ted in Fig. 8, and some of the raw data a r e given in F ig . 9. 
There a r e two knees in the lower photograph of Fig. 9. The second one 
occur s when the voltage in the cel l is equal to the ionization potential of 
ces ium and could be a t t r ibu ted to a gas breakdown in the cel l . 

It may be s tated that i nc reas ing collector t empera tu re r e su l t s in an 
i n c r e a s e in effective work function as well as a dec rease in contact poten­
t ia l , which may be a t t r ibuted to a dec r ea se in wetting of ces ium on the 
co l lec to r . The very sha rp r i s e in cur ren t noted at a col lector t e m p e r a t u r e 
of 940°K may be the formation'of a significant ion cur ren t . It mus t be 
kept in mind that this cel l was not designed to obtain p rec i se physics data, 
and the resul t ing cu r r en t is a complex sum of ion cur ren t and col lec tor 
e l ec t ron emiss ion . F u r t h e r m o r e , the p r e s s u r e measu remen t is somewhat 
i naccura t e and equi l ibr ium between the cell p roper and its ces ium r e s e r v o i r 
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Date. 6 /12/62 
Abscissa , 2 v / c m 
Ordinate, 5 m a / c m 
Emi t t e r t e m p e r a t u r e , 2073 K 

o 
Collector t e m p e r a t u r e , 713 K 
Cesium p r e s s u r e , 0.015 m m Hg 

Date, 6 /12/62 
Absc issa , 2 v / c m 
Ordinate, 10 m a / c m 
Emi t t e r t e m p e r a t u r e , 2078 K 
Collector t e m p e r a t u r e , 848 K 
Cesium p r e s s u r e , 0.015 m m Hg 

Date, 6 /12/62 
Absc issa , 2 v / c m 
Ordinate, 10 m a / c m 
Emi t t e r t e m p e r a t u r e , 2070 K 
Collector t e m p e r a t u r e , 933 K 
Ces ium p r e s s u r e , 0.016 m m Hg 

Fig. 9 - - B a c k - e m i s s i o n studies a t low ces ium p r e s s u r e s 
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may not have been reached in the shor t t ime of the run at these low p re s -
s u r e s . The re is a l so good reason to question the effective a r e a used in 
the computat ion of the data . 

It is significant to note however , that the re was ces ium in the cell 
and on the co l lec tor up to the completion of the 1000-hr run and, f u r t h e r ­
m o r e , that no significant d e c r e a s e in contact potential or i nc r ea se in back 
emiss ion o c c u r r e d up to col lector t e m p e r a t u r e s of 1000 K for ces ium 
p r e s s u r e s up to 0. 01 m m Hg. 

CONCLUSIONS 

Operat ion of Cell E has shown the feasibili ty of continuous, un ­
at tended operat ion of a the rmionic conver te r . The high operat ing t e m p e r a ­
tu re of the co l lec tor makes it especial ly a t t rac t ive for space-fl ight 
applicat ion. The smal l d e c r e a s e in power output over the total 1034-hr 
run is not de t r imen ta l . Higher ces ium p r e s s u r e s might resul t in higher 
output power . The max imum power output and the efficiency were lower 
than ant ic ipated. 

The successful operat ion of Cell E has shown that basic design of 
the h a r d w a r e for Cell E was sound and re l iable . New cells of the same 
bas ic design have been fabr ica ted with the only major change being the 
addition of another e- l i t t e r thermocouple and the inc rease in s ize of the 
thermocouples from 0. 040 to 0. 062 in. in d iamete r . Future cel ls will be 
sealed by pinching off the evacuating tube ra the r than by using a high-vacuum 
valve, which leaked a c r o s s the seat during routine operat ion. 

The ma jo r change ant icipated in the next cel ls is higher uran ium 
carbide concentra t ion in the emi t t e r . The bonding of a h igh -u ran ium-
content carb ide to the a l l - m e t a l s tem is the most severe problem at hand. 
It is p r e sen t ly bel ieved that only a tungsten s tem would be sa t is factory 
because of the react ion of high mole per cent u ran ium carbide with tan ta lum. 
The major difficulty, however , is the l a rge difference between the coeffi­
cient of t h e r m a l expansion of the tungsten and the u ran ium-z i rcon ium 
carb ide . 

A number of methods to produce a vacuum-t ight hollow support for 
the emi t t e r have been designed, but only a few have been t r ied . An u n s u c ­
cessful a t tempt was made to bond the u ran ium-z i rcon ium-carb ide powder 
to a tungs ten-molybdenum alloy (857o W — 15% Mo) using a tantalum i n t e r -
facial l aye r . More succes s was achieved with a low uranium concentra t ion 
adjacent to the tungsten and a high concentrat ion in the external l a y e r s . A 
continuing development p r o g r a m is under way to produce a high-UC emi t t e r 
s t r u c t u r e for life t e s t s in the Mark V tes t s tands . 




