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FOREWORD 

This r epor t was prepared by General Atomic Division of General 

Dynamics Corporation, San Diego, California, under Air Force Contract 

AF33(657)-8563, Pro jec t 8173, Robert W, Pidd was the General Atomic 

project manager for this contract . Capt. E. F. Redden of the St&.tic Energy 

Conversion Section, Flight Vehicle Power Branch, Air Force Aero P r o ­

pulsion Labora tory was the Resea rch and Technology Division project 

engineer. 

This final technical r epor t descr ibes a r e s e a r c h and development 

p rogram, "High- tempera ture Vapor-fi l led Thermionic Converter , " which 

was initiated March 15, 1962, and concluded September 15, 1963, (This 

p rog ram was a continuation of r e s e a r c h conducted under Contract AF33(616)-

7422, Pro jec t 3145, during the period July 1, I960, through Janua ry 31, 1962. ) 

The con t rac to r ' s r epor t number is GA-4012. 
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ABSTRACT 

This document r ep re sen t s the final r epor t on Contract AF33(657)-8563, 

Pro jec t No. 8173, for the period March 15, 1962, through September 15, 

1963. Under this contract , the operating cha rac t e r i s t i c s of p lasma con­

v e r t e r s utilizing bare uranium—zirconium carbide as the emitting surface 

were determined as a function of operat ional l ifet ime. The emi t te r design 

was cyl indrical in a size representa t ive of that expected in a space 

thermionic reac to r . The e lect rode spacing var ied fromi 0, 040 in, ear ly 

in the p rog ram to 0, 012 in. 

The p r i m a r y objective of the p rogram was to evaluate the conver ter 

per formance as a function of lifetime and to de termine the failure mechan i sm 

on those conver te r s which no longer demonst ra ted useful power levels . 

An operat ional lifetime of 3000 hr was considered a reasonable goal. 

E lec t r ica l ly heated, as opposed to f ission-heated, conver te r s were selected 

as the most economical method of fulfilling these objectives. 

Six conver te r s were operated for over 6000 hr at power levels of 1 0 
2 

to 40 watts (1 to 4 w a t t s / c m ) on a cont inuous-performance bas i s . A 
2 

maximum power density of 6. 8 w a t t s / c m was observed at an erai t ter 

t empera tu re of 2245 K. The optimum c e s i u m - r e s e r v o i r t empera tu re for 

al l conver te r s tes ted occur red at 605 to 630 K, Co l l ec to r - t empera tu re 

optimization was not c lear ly establ ished within the t empera tu re range 

investigated. The performance of ba r e - ca rb ide conver te r s i nc reases 

a lmost exponentially with increas ing enaitter t empera tu re . Pe r fo rmance 

observat ions were made in the emi t t e r - t empera tu re range 1900 to 2400 K, 

Five of the six conver te rs operated under this p rogram failed during 

operat ion owing to envelope leakage, result ing in the complete loss of ces ium 

to the surrounding vacuum chamber . Despite the depletion of uranium from 

the bulk of the emi t te r , vacuum-emiss ion cu r ren t s measu red p r e - and 

i i i 
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pos t - t es t were near ly identical in magnitude. Both uranium and zirconium, 

evaporated from the emi t te r surface, were deposited on the col lector . 

Publication>of this technical documentary repor t does not consti tute 

Air Force approval of the r e p o r t ' s findings or conclusions. It is published 

only for the exchange and st imulation of ideas. 
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I. INTRODUCTION 

The performance evaluation and life testing of thermionic conver te r s 

descr ibed in this r epor t were conducted for the Air Force by General Atomic 

Division of General Dynamics Corporat ion during the period March 15, 1962, 

through September 15, 1963. This p rogram on b a r e - c a r b i d e thermionic 

conver te r s was init iated in June, I960. At that t ime UC-ZrC, a r e f rac to ry 

form of uranium, appeared a t t rac t ive for employment both as the nuclear 

fuel and the e lec t ron emi t t e r in a low-specif ic-weight nuclear reac to r 

sys tem for space-power application. It was known that u ran ium-bear ing 

compounds ernit e lec t rons copiously at the work function cha rac t e r i s t i c of 

metal l ic uranium. F r o m the re f rac tory sys tem UC-ZrC, usable e lect ron 

emiss ion is at tainable at a t empera tu re where re la t ively long operat ional 

life might be expected. The high t he rma l and e lec t r i ca l conductivity of 

UC-ZrC enhanced i ts value as both a fuel and an emitting surface. 

The major l imitat ion on lifetime appeared to be the vaporizat ion ra te 

of the emi t t e r ma te r i a l . Mater ia l lo s ses of 1 to 3 mi ls per year were 

selected as the maximum acceptable, since e lect rode spacings of 10 mils 

or l e s s would be jeopardized from preferent ia l deposition on the collector . 

At the t ime, only l imited vacuum-vaporizat ion data existed; the effect on 

the vaporizat ion ra te , if any, of ces ium vapor at a few mi l l ime te r s p r e s s u r e 

was unknown. However, from existing data and a genera l knowledge of the 

physical p roper t ies of the UC-ZrC system, it was evident that at low UC 

concentrat ions the vaporizat ion ra tes were within the a r b i t r a r y to lerances 

without accepting credi t for an advantageous ces ium effect. 

The select ion of e lec t r ica l ly heated conver te r s for evaluation of the 

m e r i t of b a r e - c a r b i d e emi t t e r s was made in the in t e re s t of economy and to 

It has been shown during the last three yea r s that UC-ZrC behaves as 
d i spenser cathodes and emiss ion cha rac t e r i s t i c s a re dependent only on the 
maintenance of a monolayer of uranium meta l on the emitting surface. 

Manuscr ip t r e l ea sed by author in January 1963, for publication as an 
RTD Technical Documentary Report, 

1 
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provide an eas ie r approach to pos t - tes t failure analysis than would be 

available with highly radioactive components from a f ission-heated 

genera tor . The conver ter design was ta i lored by the expected application 

to space power reac tor sys t ems . Consequently, cyl indrical geometry was 

chosen as represen ta t ive of a single module of a t he rmion ic - r eac to r fuel 

element . Mater ia l selections were based on t empera tu re requ i rements 

and fabricability. The conver te r s imulated in t empera tu re distr ibution 

the hea t - re jec t ion sys tem mos t a t t rac t ive to space appl icat ion-- l iquid-

raetal coolant receiving heat from the collector at ~1000 K and dissipating 

this energy through a radia tor . 

After completion of the reference design of the tes t converter , 

fabrication development of the emi t t e r and the conver ter envelope was 

undertaken. The manufacture of the emi t te r s t ruc tu re was an exceedingly 

difficult problem, since the requ i rements were s tr ingent and unique only 

to labora tory conver ter operation. The emi t te r s t ruc tu re must be a hollow, 

leak-t ight cylinder to accommodate f i lamentary heating. All UC-ZrC 

compositions and al l densi t ies less than 100% of theore t ica l exhibit some 

degree of porosity. Consequently, a carbide over lay on a r e f r ac to ry -me ta l 

vacuum tube, which did not r eac t with the UC-ZrC, was required. After 

seve ra l t r i a l s and emi t te r design changes, a sa t is factory compromise was 

achieved using tantalum as the subst ra te ma te r i a l . Tantalum was known 

to reac t with UC-ZrC, especial ly at high UC concentrat ions, at 2000 C, 

However, the react ion ra te could be ma te r i a l ly dec reased by maintaining 

the emi t te r t e inpera tures at 1800 C or below, and at this t empera tu re it 

was predicted that re la t ively long life would ensue. 

In the final eighteen months of the program, six conver te r s were 

fabricated and operated for a total of over 6000 hr . One conver ter was 

operated for over 1700 hr at usable power levels . Interact ion of the carbide 

and the tantalum subs t ra te in al l emi t t e r s dec reased the bulk uranium 

content severely; however, the failure mechanism in all cases was the loss 

of ces ium due to leakage of the cell envelope. The p r e - and pos t - tes t 



vacuum-emiss ion data indicated in al l cases that the emiss ion capability 

of the UC-ZrC had not de te r io ra ted during the operational life of the 

conver ter . 

9 



II. SUMMARY 

The Mark V cel ls employed in this p rog ram were e lec t r ica l ly heated 

thermionic diodes with cylindrical , bare UC—ZrC emi t t e r s and a nickel 

collector. All other components were of oxygen-free copper except the 

insulator , which was of high-puri ty alumina brazed to Kovar and Monel, 

All joints were e i ther b razed or e lec t ron-beam-welded . Tanta lum-sheathed 

W—W/26% Re thermocouples were used to monitor the emi t t e r t empera tu re . 

A Kovar ampoule containing the cesium was placed in the cell envelope 

during assembly . 

The fabrication of the emi t te r consisted in ho t -press ing 10 mol-% UC— 

90 mol-% ZrC powder into a tantalum slug, from which the emi t te r was 

machined. Fabr ica t ion of h igh-uranium-concent ra t ion (up to 90 mol-% UC— 

10 mol-% ZrC) emi t t e r s was at tempted by var ious means . Tantalum was 

bonded successfully to the carbide, but the extensive tan ta lum-carbon 

react ion promoted the formation of free uraniuna, which then evaporated. 

In another approach (direct bonding to tungsten), the differential expansion 

of the tungsten and the carbide el iminated the former as a subs t ra te 

ma te r i a l . Vapor-deposi t ion of tungsten on the carbides was attempted, 

but lack of t ime and funds prevented further pursui t of this approach and 

others to the fabrication of h igh-uranium-content e m i t t e r s . 

In April , 1962, the f irs t cell (E) was placed in operation under the 

present program. The only change from previous cells was the use of 

nickel for the collector, which permit ted the des i red higher col lector t em­

pe ra tu re s to be achieved. Cell E was sealed off with a h igh- tempera tu re , 

high-vacuum valve. This valve was el iminated in Cells F through K by 

pinching off the pumpout tube. Other changes were also made to improve 

the ul t imate vacuum in the cell during bakeout. 

4 
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Because the 0, 040-in. -diamieter emi t te r thermocouple of Cell E 

failed premature ly , a l l subsequent cells were fitted with two 0, 062-in. -

d iameter thermocouples . The bodies of all cells were fitted with cooling 

coils to inaintain the des i red cell t e m p e r a t u r e s . It became apparent, 

however, during operat ion of Cell E that an acceptable the rmal gradient 

existed throughout the cell body without cell cooling, and consequently all 

subsequent cells were operated without cooling. 

To maintain des i red collector t empe ra tu r e s , a radia tor was mechanical ly 

at tached to the col lector . This method of heat reflection was found inadequate, 

and subsequently a cooling coil was clamped to the collector . The collector 

was also equipped with a heating coil which permi t ted a t empera tu re control 

of about 150°. 

Cell H differed from the previous cells in that it had two separa te 

ces ium vials to demonst ra te the possibil i ty of rejuvenating the ceil by the 

introduction of an additional charge of cesium. 

During the fabrication of Cell K, a la rge hydrogen furnace was used 

to b raze al l joints , thus eliminating two e lec t ron-beam welds which had 

proved to be unre l iable . 

Vacuum-emiss ion measu remen t s were made on al l emi t t e r s to de t e r ­

mine their cha rac t e r i s t i c s before and during cell assembly . Upon initiation 

of ce s ium-ce l l operation, c e s i u m - p r e s s u r e optimization was conducted. 

The effect of ces ium t empera tu re was investigated between 475 and 650 K 
o o 

for emi t te r t empe ra tu r e s fromi 1900 to 2500 K. The optimum ces ium-wel l 

t empera tu re was about 610 K for mos t ca ses . No optimum collector t emp­

e r a tu r e was found. The collector was operated between 800 and 1250 K. 

All cells except E demonst ra ted a power capacity in excess of 50 wat ts . 

In one cell a maximum of 68 watts was observed. The continuous power 

output of the cells var ied between 10 and 40 wat ts , except for Cell E, which 

produced only 2 to 8 watts during its operat ional period of 1034 hr. Cells 

G and J were operated for 1753 hr and 1427 hr, respect ively . At the 

maximum power an efficiency of 6, 2% was observed. During continuous 

operation, efficiencies of up to 4% were recorded. 
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Shor t - c i r cu i t - cu r r en t measu remen t s showed higher cur ren t values 

than were obtained during vacuum-emiss ion studies. The shor t - c i r cu i t 

cu r ren t was also found to be a function of ces ium p r e s s u r e , as was the 

open-ci rcui t voltage and the voltage at maximum power. The cell voltage 

dec reased with increasing ces ium p r e s s u r e but inc reased with increas ing 

emi t te r t empera tu re . 

An average effective emiss ivi ty of 0, 55 was observed; the t ime depen­

dence of the emiss iv i ty was not determined. 

On two occasions, cells were successfully operated when connected 

e lec t r ica l ly in s e r i e s and in paral le l . The data obtained a r e in agreement 

with Ohm's law for d i rect cur rent . 

Cell failure could in al l cases be t r aced to a loss of cesium, although 

heavy uranium and z i rconium deposits on the collector , especial ly in 

Cell G, indicated that in tere lec t rode shorting might become a problem in 

longer - te rm t e s t s . P o s t - t e s t analysis also revealed an extensive me ta l ­

lurgical react ion between the deposits and the nickel collector, and between 

the tantalum subs t ra te and the carbide of the emi t t e r . In spite of a severe 

depletion of uranium, the pos t - tes t vacuum-emiss ion cur ren t exceeded 

the pre- l i fe tes t va lue s - - i n one case by a factor of 8. 

The biggest problem exper ienced with emi t t e r thermocouples was 

inadequate immers ion depth, which permi t ted seve ra l of them to pull out 
o o 

of their cavity. P o s t - t e s t reca l ibra t ion agreed within 10 to 70 K with the 

p r e - t e s t cal ibrat ion of other thermocouples in spite of the hundreds of 

hours of operat ion in excess of 2200 K, A react ion of the beryl l ium oxide 

insulation with the tantalum sheath may limit the operat ional life of these 

thermocouples , 

A theore t ica l study of cell contaxnination by fission products revealed 

that they may have a wide var ie ty of effects on cell per formance . The 

noble gases krypton and xenon presumably will have the leas t de t r imenta l 

effect in a vented sys tem. The electronegat ive fission products tend to 

combine with the ces ium to some extent. Since the cesium r e s e r v o i r will 



# be at the lowest t empera tu re in the cell, most of the condensates of the 

fission products should collect there . The remaining fission products will 

condense on the var ious components of the cell . 

W 



Ill, CELL FABRICATION 

CELL-BODY FABRICATION 

The components of the cells were fabricated in the naachine shop 

according to engineering drawings (see Fig. 1 for a schematic d iagram of 

the cell). Oxygen-free copper was used for a l l pa r t s except the emi t te r , 

collector, and insulator , (The emi t te r fabrication is descr ibed la te r in 

this section, ) The collector was machined from high-puri ty "A" nickel. 

The in tere lec t rode spacing var ied for the six cells tes ted from 0, 040 in, 

for Cell E to 0. 020 in, for Cell F to 0. 012 to 0, 015 in. for al l other ce l l s . 

These dimensions were m e a s u r e d with the component at room t empera tu re . 

The insulator was of high-puri ty, high-density alumina, copper-

b razed to a Kovar ring which in turn was b razed to a Monel ring. The 

insulator assembly was purchased. The cooling coils were b razed in a 

hydrogen a tmosphere to the copper emi t te r and collector ba se s . Then 

the insulator was e lec t ron-beam-welded to these two subassembl ies . 

A different assembly procedure was initiated with Cell K, which 

improved the envelope rel iabil i ty. The e lec t ron-beam weld, which caused 

considerable difficulty during assembly and always leaked after cell 

operation, was el iminated,and the collector and emi t t e r bases were 

s imultaneously b razed with Inconel 10 to the Monel r ings of the insulator 

in a hydrogen furnace. The hydrogen a tmosphere cleaned up the cell to 

an extent not otherwise possible and minimized the s t r e s s e s a c r o s s the 

insulator joint. 

The collector flange and the emi t te r support were machined after 

assembly to a s s u r e concentricity. After e l ec t ron-beam welding of the 

emi t te r to the cell, the emi t te r thermocouples were installed, cal ibrated, 

and welded to the cell. P r e l i m i n a r y outgassing of the cell occur red at 

this stage. Finally, a collector, which had been outgassed previously 

8 
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Fig. 1--Schematic d iagram of Mark V cell 
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at 1100 K, was e lec t ron-beam-welded to the cell . The pumpout tube was 

p repa red separa te ly with a ces ium vial in the well. This assembly was 

welded to the cell in the bell j a r and then connected to the ion pump. Final 

bakeout of the cell was then undertaken. 

Starting with Cell F , s eve ra l improvements were made in design, 

fabrication, and assembly to obtain improved conver ter operation. Since 

a knowledge of the emi t t e r t empera tu re is essent ia l , the emi t te r t he rmo­

couple was increased from 0. 040 to 0. 062 in. in d iameter and a second 

thermocouple was added. The l a rge r thermocouple not only had a thicker 

tantalum sheath, it also had l a rge r tungsten and tungs ten-rhenium sensor 

w i re s . This promised increased thermocouple life and rel iabi l i ty. During 

thermal-cycl ing , the thermocouples a r e put under severe s t r e s s , so to 

avoid failure the guide-tube diameter was inc reased to allow for independent 

expansion and contraction of the thermocouple within the cell . In addition, 

a 1-mil molybdenum sheet was placed around the hot junction of the t h e r m o ­

couple to prevent self-bonding or p ressure -weld ing of the tantalum sheath 

to the tantalum subs t ra te of the emi t te r . 

During vacuum-brazing of the thermocouple to the cell envelope, 

frequent sheath failure in this specific region was observed. It was believed 

that during the brazing operat ion any nitrogen or oxygen t rapped within 

the sheath would be get tered by the heated sheath. This would render it 

br i t t le and cause it to leak. Much g r e a t e r rel iabi l i ty was achieved when 

the thermocouples were evacuated after the hot junction was made and then 

back-fil led with argon, and the cold junction was sealed with a high-

t empera tu re , l o w - v a p o r - p r e s s u r e epoxy. 

In spite of the extensive bakeout of the cell, it was believed that 

res idual gases might contaminate the emi t te r or become ge t te red in the 

tantalum of the emi t te r s tem and the thermocouple sheath. To inhibit this 

react ion, a 0. 020-in. t i tanium skir t was placed around the emi t te r s tem. 

The t i tanium was in contact with both the very high- and ve ry low- tempera tu re 

regions of the s tem, which a s s u r e d that one a r e a would be at the optimum 

getter ing t empera tu re for t i tanium for mos t gases . 
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To el iminate any possible contamination from the react ion of ces ium 

with the glass amipoule, Kovar ampoules were used. The cesium was 

dist i l led into a clean Kovar ampoule under vacuum, and the Kovar tube 

was sealed by welding with e lec t ron bombardment . 

Because the low density of ba re carbide emi t t e r s is an inherent 

source of gases , extensive outgassing at elevated emi t te r t empera tu re s 

was required. To a s s u r e the best ul t imate vacuum in the cell, the oil 

diffusion pump used in Cell E was replaced by a 9- l i ter ion pump. The 

conductance of the tube connecting the cell with the pump was inc reased 

by eliminating al l r ight angles, increasirig its d iameter , and eliminating 

the high-vacuum valve, which constituted a major res t r i c t ion . This valve 

was used as the final c losure of Cell E, but was found to be leaking after 

the test . All other cells were pinched off close to the ces ium vial. This 

facilitated cell operat ion because less of the tubing had to be maintained 

above the ces ium-wel l t empera tu re . The knife edge of the pinchoff was 

welded over, producing a less fragile and more re l iable \seal. At the end 
-6 

of the 48-hr bakeout period, a p r e s s u r e of 1 X 10 to r r was recorded at 
o -9 

a cell-body t empera tu re of 820 K and a p r e s s u r e of 1 x 10 t o r r at room 
t empera tu re , 

THERMIONIC-EMITTER FABRICATION 

Fabr ica t ion techniques for the prepara t ion of ba re UC-ZrC emi t t e r s 

have been under development at General Atomic for the past th ree yea r s . 

Improvements in technique resu l ted in the evolution of the present emi t te r 

through four s tages of development: (1) the th ree -p iece emi t te r , (2) the 

two-piece emi t te r , (3) the one-piece brazed emi t te r , and (4) the one-piece 

h o t - p r e s s e d emitter , In s tages 1, 2, and 3, the erai t ter was z i rconium-

brazed to a tantalum sleeve, but in the fourth stage the braze was el iminated 

by successfully bonding a thin carbide layer d i rect ly to a s e r r a t e d tantalum 

slug by ho t -press ing . Since tantalum flows readi ly at ho t -press ing 

t e m p e r a t u r e s , a solid slug was used to prevent severe distort ion during 

file:///seal


12 

process ing. After final vacuum-s in ter ing of the carbide, the tantaluin 

subs t ra te was machined to provide a short s t em and a filament cavity. 

The carbide overlay was u l t ras onically machined to dimensions consistent 

with cell design. The emi t t e r s were hollow cyl inders approximately 

1-1/16 in. in d iameter and 3/4 in. long. The total emitting a rea , neglecting 
2 

the top, was 10 cm . Fo r ty - th r ee emi t t e r s composed of 10 mol-% UC—90 

mol-% ZrC were manufactured during the course of the program. The 

f irst of these emi t t e r s was welded into Cell E. 

The development of h igh-uranium-content (>10 mol-%) carbide 

emi t t e r s for bench-test ing was undertaken ear ly in this p rogram for the 

following reasons : 

1. A thermionic space reac tor will requi re a higher uranium con­

centrat ion than 10 mol-% UC-90 mol-% ZrC . 

2. The vacuum-emiss ion data available at the t ime indicated 

increasing emi t te r capability with increasing uranium content. 

3. Since the emiss ion capability of UC-ZrC compounds is dependent 

on a layer of uranium metal on the emi t te r surface, adequate 

emiss ion could be sustained over longer periods if a g r ea t e r 

supply of uranium were presen t in the bulk m a t e r i a l to replenish 

the uranium evaporated from the surface. 

The first approach to h igher-UC emi t te r development was pat terned after 

the successful technique employed in making 10 mol-% UC—-90 mol-% ZrC 

e m i t t e r s . Emi t t e r s with a 30 mol-% UC~70 mol-% Z r C composition were 

fabricated according to this procedure . After fabrication and rough 

machining, the emi t t e r s were the rmal -cyc led up to 20 hr . During this 

experiment , ha i r - l ine c racks opened up and uran ium evaporat ion occur red 

at t empera tu re s above 2000 K (Fig. 2). Investigation showed that the 

carbide powder used for the emi t te r fabrication was me ta l - r i ch . TaC 

formation occur red at the tantalum interface, which further inc reased 

the me ta l - to -ca rbon rat io . Liquid uranium then evaporated, leaving 

numerous voids. It was also noted that the density of the carbide on the 
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Fig, 2 - -30 mol-% UC-70 mol-% Z r C emi t te r 
on tantalum s tem after 20 hr of t h e r m a l -
cycling (note ha i r - l ine c racks in carbide) 
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surface of the emi t te r was quite low. It is possible that during the t h e r m a l -

cycling and hea t - t r ea tmen t the lower-densi ty m a t e r i a l tended to densify by 

further s inter ing, resul t ing in decreased volume and enlarged c racks . 

Two changes in fabrication procedure were pursued in o rder to 

overcome these problems: 

1, Use of a c a rbon - r i ch carbide powder which allows a TaC layer 

to form at the m e t a l - U C - Z r C interface and prevents further 

interact ion. 

2. Use of a higher press ing t empe ra tu r e (1850 C). At this t e m p e r ­

a ture , the tantalum flows m o r e readi ly and consequently will 

t r an smi t m o r e p r e s s u r e to the radia l surfaces of the die wall, 

thus increas ing the density of the carbide. 

Inc reased and m o r e uniformi density was obtained with the higher press ing 

t empera tu re , but the use of ca rbon- r i ch carbide powder only delayed (for 

a ma t t e r of hours) the l iquid-uranium formation owing to the large amount 

of tantalum presen t for subsequent react ion with carbon. 
o 

Another technique employed was to bond tungsten and Z r C at 2400 C, 

then bond 10 mol-% UC--90 mol-% ZrC and finally 90 mol-% UC-10 mol-% 

Z r C to the Z r C side at lower t e m p e r a t u r e s . This c rea ted a good bond with 

l e s s cracking, but alpha-counting of the surface indicated a concentrat ion 

of UC of only about 40 mLol-%. Evidently the UC tended to diffuse at bonding 

t e m p e r a t u r e s toward the a r e a s of lower UC concentra t ions . 

Two other approaches were followed to develop a h igh-uran ium-

content emi t te r : 

1. Vapor Deposition of Tungsten. This had been successful ly done 

in industry, but it had not been conclusively demons t ra ted that 

a vacuum-t ight deposit r e s u l t s , pa r t i cu la r ly in difficult geomet r i e s 

and a f t e r - the rmal -cyc l ing . For this application, tungsten mus t 

be deposited on the inside of a hollow UC cylinder. Samples were 

made for s tudies of the permeabi l i ty of var ious th icknesses and 

for the rmal -cyc l ing t e s t s . Owing to lack of timie and funds, this 
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approach was abandoned after difficulty was experienced with 

the f irs t samples . 

2, Tantalum Support with Tungsten B a r r i e r . It was known from 

past experience in 10 mol-% UC—-90 mol-% Z r C emi t t e r fabrication 

that a tantalum support tube is a lmos t essent ia l to the hydrostat ic 

ho t -p ress ing operation. The possibil i ty of using the same 

technique in 90 mol-% UC~1 0 mol-% Z r C process ing with a thin 

tungsten b a r r i e r applied between the tantalum and the carbide 

to prevent mass ive carbon loss to the support tube appeared 

promising. Two methods of application were studied: (1) vapor-

depositing a thin coating of tungsten on the (outer surface of the 

tantalum tube, and (2) sandwiching a 0. 005-in. sheet of tungsten 

between the tube and the carbide. 

A pre l iminary tes t of method (2) was made using 30 mol-% UC--70 mol-% 

Z r C specimens . A visual examination of a c ros s section of such a joint 

revealed good bonding of the tantalum to the tungsten and the tungsten to 

the carbide. The carbide was slightly cracked but appeared well bonded. 

Thermal-cycl ing tes ts subsequently conducted on s imi la r specimens 

revealed that the bond integri ty could not be maintained owing to the large 

differences in the rmal expansion of the th ree m a t e r i a l s . 

Concurrent with the developm.ent of h igh-uranium-content emi t t e r s , 

meta l lu rg ica l investigation of carbides for thermionic cathodes under 

NASA sponsorship revealed new and interes t ing data on their sa tura ted 

vacuum emiss ion. The resu l t s of this investigation can be summar ized 
(3) 

as follows: 
2 

1, For all composit ions, the des i red cur ren t density of 5 a m p / c m 

can be obtained at t empera tu re s lower than 2000 K. 

2, The emiss ion behavior is not.enhanced by increasing the uranium 

content of the bulk specimens. 

As a r esu l t of these findings, the development effort on h igh-uran ium-

content emi t t e r s for bench-test ing in this program, was terminated . 
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F u r t h e r m o r e , it became apparent that the solution to high-UC emi t te r 

fabrication for eventual r eac to r application was not possible within the 

t ime and funding scope of this p rogram. The major roadblock to success 

was the prepara t ion of the carbide on a vacuum-t ight r e f r ac to ry -me ta l 

subs t ra te , which is unique to bench-test ing. The ult imate use of ba re 

carbides in a thermionic r eac to r does not p resen t this requi rement . 



IV. CELL OPERATION 

CELL E 

The Mark V cells descr ibed in this r epor t a r e thermionic diodes 

designed to permi t evaluation of cell performance during bench-tes t ing 

for up to 3000 hr . The maximum design output for these cells was 75 watts 

(Fig. 3). The emi t te r was heated by a tungsten filament and by e lect ron 

bombardment up to 600 volts (dc). The cells were tes ted in a bell j a r , 

under a vacuum in the 10 - t o r r range (Fig. 3). E lec t r i ca l hea t e r s were 

used to maintain the cell insulator and the ces ium well at des i red t e m p e r ­

a tu re s . The collector was cooled by means of a radia tor plus a cooling 

ring through which Dowtherm oil flowed. 

Cell E was in a par t ia l ly completed state at the beginning of this 

p rogram. During completion of the cell, a leak in the emi t te r t h e r m o ­

couple sheath within the cell envelope was detected. By sealing the cold 

junction of the thermocouple, a leaktight cell was achieved and Cell E 

was placed in operat ion on Apri l 25, 1962. This cell was identical to 

Cell D except that a nickel instead of copper collector was used. After 

bakeout, the cell was sealed off by closing the h igh- tempera tu re , high-

vacuum valve. 

A systeroiatic study of the cell cu r ren t ve r sus voltage cha rac t e r i s t i c s 

was conducted for a wide ce s ium- t empe ra tu r e range and with the emi t te r 

t empera tu res set from 1900 to 2450 K. The maximum cur ren t , maximum 

power, and cell voltages were studied. The maximum power output 

recorded was 14 watts , which was obtained at an emi t t e r t empera tu re of 

2413 K, a ces ium-wel l t empera tu re of 608 K, and a col lector t empera tu re 

of 998°K. 

During the unattended periods of operation, the emi t te r t empera tu re 

was maintained at approximately 2250 K, resul t ing in a power output of 

17 
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Fig. 3- -Ful ly ins t rumented therm.ionic diode on vacuum stand 
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about 4 to 8 wat ts . Slight drifting of the t empera tu re of the emi t te r 

occu r r ed owing to line fluctuations of the input power. 

On the morning of Apri l 28, a dec rease in the millivolt output of the 

emi t t e r thermocouple was noted, with no apparent change in any other 

p a r a m e t e r s . This was believed to be the resu l t of ces ium leakage through 

a naicrocrack of the sheath (noted above), which shor ted the thermocouple 

leads in a colder region. The emi t t e r t empera tu re was henceforth re la ted 

to previous power input data. Jus t pr ior to final failure of the cell, the 

thermocouple millivolt response increased dras t ica l ly . It appeared that 

once the ces ium had leaked out of the cell envelope, it a lso leaked out of 

the sheath, opening up the short . 

Ear ly in May, a leak in the collector cooling line was discovered. 

Since improved cell performance was observed at higher collector temi-

pe ra tu re s , the col lector cooling line was removed completely and cell 

operat ion continued until 600 hr were logged, when a filament failure 

in ter rupted the operation. After rep lacement of the filament, the output 

of Cell E exhibited a 50% drop. Never the less , cell operation and the study 

of cell p a r a m e t e r s was continued until 1000 hr were recorded. A short™ 

termi operat ion at emi t t e r t empera tu re s up to approximately 2500 K was 

conducted before the cell was dismantled for pos t - t es t analysis , A total 

of 1034 hr of operation were recorded for Cell E. 

CELL F 

After completion of all the modifications d i scussed in Section II, 

"Cell Fabr icat ion, " Cell F was mounted in the bel l j a r for vacuum-emiss ion 

studies of the emi t te r . At var ious s tages during cell assembly, these 

studies were repeated to a s s u r e that the emi t te r had not become contaminated 

during any par t icu la r operat ion. The final emiss ion check was performed 

after cell isolation. This not only a s su red that the pinchoff was successful, 

but a lso proved that the thermocouples had maintained their cal ibrat ion. 
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The vacuum-emission data a r e d iscussed in detail in Section V, "Per formance 

Evaluation of. Cells. " 

On November 7, ces ium was introduced into the cell after all cooling 

l ines , heating coils , and thermocouples had been proper ly instal led and 

connected. 

During the first 10 days of operation, the effect of ces ium p r e s s u r e 

was studied. Current -vol tage cha rac te r i s t i c s of the cell were observed 

over a ces ium- tempera ture range of 473 to 660 K and an emi t t e r - t em-
o o 

pera tu re range of 1700 to 2200 K. Since the only collector cooling 

provision for this cell was a copper ring with fins, the collector t emper ­

a ture var ied for the different operating conditions. The maximum collector 

t empera tu re observed was 1250 K. 

Because there was evidence in Cell E that the response to the change 

in ces ium p r e s s u r e was slow. Cell F was allowed to come to equil ibrium 

for severa l hours . Data taken within an hour after the change in ces ium 

p r e s s u r e , however, were identical to data obtained after 24 hr of equilibration 
The maximum power produced in Cell F was 50 watts (72 amp at 

0. 7 volt) at the following cell conditions: T = 2440 K, T = 626 K, 
L Cs 

T , = 1250 K. The maximum cell cu r ren t recorded at minimum external 
col 

load was 120 amp. 

On November 17, an e lect ron-gun filament burned out after 181 hr of 

operation. While the filament was being replaced, a leak in a cooling-system 

line was repa i red . On November 23, a second filament failure occurred . 

When the filament holder was removed, it was badly eroded 3/4 in. below 

the junction of the filament and the holder. Operation of Cell F continued 

for 215 hr on an intermit tent bas is owing to repeated filament burnout. 

Very little rel iable performance data could be obtained during this period 

because the cell was r a r e l y at equil ibrium conditions. However, it was 

establ ished that the cel l power output had dec reased on or about December 7, 

1962. The current -vol tage plots indicated a lack of cesium. Increasing 

the c e s i u m - r e s e r v o i r t empera tu re improved the cell performance. It was 
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concluded that insufficient ces ium was presen t in the cell to maintain a 

two-phase sys tem owing to a leak in the cell envelope, probably in the 

emi t t e r s tem. Consequently, operation of Cell F wa.s discontinued since 

any data obtained would be difficult to co r re la te with data on other carbide 

ce l l s . Figure 4 is a plot of the power output of the cell as a function of 

operat ional t ime. It can be seen that the cell operated above 20 watts for 

about 140 hr . 

CELL G 

The operat ion of Cell G was initiated in naid-January of 1963. F r o m 

the operating exper ience obtained on Cell F, it was possible to optimize 

ces ium tempera tu re within the f irs t week of operation. Current range of 

voltage plots were obtained for emi t te r t e m p e r a t u r e s between 1800 and 

2200 K for a 140 ces ium-wel l t empera tu re . The optimum power was 

computed from these plots. The maximum power from Cell G was 68 watts , 
o 

obtained at an emi t te r t empera tu re of 2250 K, a ces ium-wel l t empera tu re 

of 628 K, and a collector t empera tu re of 953 K. During unattended 

operation, the cell was connected to an adjustable load. The recorded 

power output var ied between 10 and 26 watts for emi t t e r t empe ra tu r e s of 

2075° to 22iO°K (Fig. 5). 

A filament failure occur red after 153 hr . While no degradation was 

observed after rep lacement of the filamient, a 25% drop in output was noted 

after 300 hr of operation. The maximum power at 2285 K was only 48 wat ts . 

The cell continued to run without any degradation or operat ional in terrupt ions 

until the second filament burned out at 1192 hr . After its replacement , 

an i nc rease in power output for a given emi t t e r t empe ra tu r e was observed 

relat ive to p rev ious data. At an emi t t e r t empera tu re of 2195 K, a ces ium-

well t empera tu re of 574 K, and a collector t empera tu re of 879 K, the power 

output was 56 wat ts . A study of the input power revealed that the emi t t e r 

thermocouple cal ibrat ion was in doubt. Since the other emi t te r thermocouple 

had failed previously, the emi t t e r t empera tu re was es t imated from power 
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input data for the remainder of the run. After the thi rd e lec t ron-gun 

filament failure, a sharp degradation of power output with all indications 

of loss of ces ium made terminat ion of operation of this cell advisable. 

Cell G was operated for 1753 h r - - l o n g e r than any other cell in this p rogram. 

The only operat ional difficulties exper ienced through this long run aside 

from the filament burnout mentioned above were occasional collector 

cooling-flow interrupt ions ,which caused the col lector to operate at higher 

t e m p e r a t u r e s but did not resu l t in cell shutdown. 

CELL H 

Cell degradation of all previous cells was at t r ibuted to loss of ces ium. 

To varify this conclusion, two ces ium vials were instal led in Cell H. 

Operation of this cel l was delayed until May, 1963, because of setbacks 

exper ienced during assembly, which followed the procedure es tabl ished 

for Cells F and G. To initiate operation, one of the two ces ium vials was 

broken and the effect of ces ium t empera tu re on cel l output was investigated 

at 2000 and 2200 K. In spite of an improved col lector cooling coil, the 

effect of collector t empera tu re could only be invest igated over a range 

of 120°K. 

The output of Cell H was lower by a factor of 3 than the output of 

Cell G under the same conditions. It is noteworthy that the vacuum-

emiss ion cu r ren t of Cell H was also lower than that of Cell G by the same 

factor. The maximum output recorded for Cell H was 56 watts at an emi t t e r 

t empera tu re of 2380 K, a collector t empera tu re of 1023 K, and a ces ium-

well t empera tu re of 638 K. 

After the cha rac t e r i s t i c s of the cell had been establ ished, operat ion 

at a continuous average cell output of 15 watts was begun. The cell output 

is shown in Fig. 6, along with the emi t t e r t e m p e r a t u r e . The fluctuations 

in the cell output were in par t due to a faulty ces ium-wel l control ler , which 

caused that t empera tu re to go off optimum. Deviation from the optimum 

cell voltage caused further apparent output var ia t ion. The emi t t e r 
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t empera tu re var ied between 1980 and 2270 K, and the ces ium tempera tu re 

var ied between 628 and 638 K. During the f i rs t 530 hr of operation, only 

a slight power degradation was observed. In the following 78 hr, the power 

dropped to 12 watts at 2230 K (Fig. 7). Lack of response to inc reased 

ces ium-wel l t empera tu re , a condensation on the bell j a r , and change of 

the current -vol tage cha rac te r i s t i c s t r aced on the scope indicated that the 

ces ium had leaked from the cell envelope. After a total of 608 hr , the 

filament burned out and was replaced. The second ces ium vial was broken 

at this t ime. 

A study of cell output ve r sus emi t te r t empera tu re showed that the 

performance of the cell was again r e s to red to the values obtained from the 

f i rs t ces ium charge (Fig. 7). A power output of 48 watts was observed at 

an emi t te r t empera tu re of 2270 K, a collector t empera tu re of 988 K, and 

a ces ium-wel l temiperature of 638 K. Thus, it was shown that the degradation 

observed before the filament failure was due to the depletion of ces ium and 

not a deter iora t ion of the carbide emi t te r . Within 24 hr after introduction 

of the second charge of cesium, another sharp degradation was observed. 

The cell voltage was abnormally low (Fig. 8). Apparently, an internal 

shor t between the emi t te r and col lector existed. Because this shor t did 

not open up after severa l days, cell operation was discontinued with a total 

of 700 hr accumulated for Cell H. 

CELL J 

Cell J was identical to Cell G in every respec t inclusive of the assembly 

p rocedures . Operation of this cell began in mid-January . Very l i t t le t ime 

was taken to evaluate cell cha rac t e r i s t i c s . The optimum cesium tempera tu re 

for maximum power was establ ished at 610 K. In the emi t t e r - t empera tu re 

range from 1800 to 2200 K, the p a r a m e t e r s of power output, shor t - c i r cu i t 

cur rent , co l l ec to r - t empera tu re effect, and open-c i rcui t voltage were studied. 

For long- te rm operation, the output of Cell J was, as in previous 

cel ls , connected to an adjustable load. The output var ied between 12 and 17 
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watts at an emi t te r t empera tu re of 1900 to 2000 K for 1249 hr without any 

indication of power degradation (Fig. 9). The var ia t ions were due to input-

power fluctuations. The e lect ron-gun filament was replaced after 840 hr 

and again after 1320 hr of operation. After a period of 24 hr with a power 

output above 30 wat ts , the emi t t e r t empera tu re was further inc reased to 

obtain an average output of 40 watts with a maximum of 47 watts . A total 

of 151 hr were logged at this level before the th i rd filament failure occurred . 

During the final days of operation, the collector coolant sys tem became 

plugged and the collector t empera tu re rose to 1160 K. After filament 

replacement , the power output dec reased by a factor of 10, and cell 

operat ion was discontinued with a total of 1424 hr recorded for this cell. 

Again, the evidence conclusively pointed to a loss of cesium. 

CELL K 

The cell base of the diode for Cell K had been assembled in a hydrogen 

furnace, which a s s u r e d a c leaner assembly and reduced bakeout t ime. 

Repeated sheath failure during installat ion of the two emi t te r thermocouples 

resu l ted in elimination of one thermocouple and sealing of the cell with 

a single emi t te r thermocouple. 

An improved collector radia tor and Dowthermi cooling coil were 

attached to the collector. The cell was ins t rumented with nine Chromel-

Alumel thermocouples . Then the cesium vial was opened, and the cell 

was placed in operation in mid-August , The optimum ces ium t empera tu re 

for maximum output power of the cell was establ ished at 608 K, Open-circui t 

voltage, emiissivity, and power-output studies were conducted in the e m i t t e r -
o o 

t empera tu re range 1900 to 2250 K. The maximum power output from this 

cell was 54 watts , obtained at 2298 K with a collector t empera tu re of 873 K 

and a ces ium-wel l t empera tu re of 609 K. 

For the lifetime study, the diode was connected to the adjustable load. 

During the f irs t 100 hr , the average cell output was 35 watts at an average 

emit ter t empera tu re of 2200 K (Fig. 10). Then the emi t te r t empera tu re 
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was increased 50 , result ing in an average output of 42 watts . Following 

an e lect ron-gun filament replacement at 178 hr , the output decreased to 

an average of 33 watts for an average emi t te r tem.perature of 2300 K, 

However, at the same power input previously required for 2250 K operation 

an emi t te r t empera tu re of 2300 K was observed. This indicated that the 

emi t te r thermocouple cal ibrat ion had changed. A pos t - t es t reca l ibra t ion 
o 

revealed that the temiperature indication was indeed about 50 higher. 

Thus, a t rue emiitter tem.perature of 2250 K existed when 2300 was 

indicated during the las t 500 hr of operation. The second filament was 

replaced after 548 hr of operation. Owing to the terminat ion of the contract 

operat ion of Cell K was halted on September 20, 1963, with a total of 

693 hr recorded. The cell was then cut apar t for pos t - t es t analys is . 

A s u m m a r y of ce l l -per formance data for al l the cel ls is given in 

Table 1. 

Table 1 

SUMMARY OF CELL-PERFORMANCE DATA 

Cell 

E 

F 

G 

H 

J 

K 

Operation 

1034 

4 8 4 

1753 

7 0 0 

14^7 

693 

Maximum 

Power Output 
(watts) 

2 - 8 

10-30 

12-20 

15-22 

15-40 

30-40 

Output 
(watts) 

14 

50 

68 

56 

56 

54 

Operating Conditions at 
Maximum Power 

Emi t te r Temp. 
(°K) 

2413 

2365 

2250 

2380 

2470 

2300 

Cesium Temp. 
(°K) 

608 

606 

628 

6 3 8 

6 0 3 

608 

Collector Temp. 
(°K) 

998 

1153 

9 5 3 

1023 

1150 

873 

Efficiency 

Max. 

2 . 2 

6 . 2 

6 

4. 3 

5 

4 . 2 

(%) 
Continuous 

! 
1-4. 5 

1 .7-2.4 

1. 9-2. 4 

2 - 4 

3 

Spacing 
(mils) 

40 

20 

12-15 

12-15 

12-15 

12-lS 



V. PERFORMANCE EVALUATION OF CELLS 

EMITTER-TEMPERATURE MEASUREMENT 

The emi t te r thermocouples penetra ted into the tantalum subs t ra te of 

the emi t te r approximately 3/16 in. They were cal ibra ted by measur ing the 

emi t te r surface t empera tu re with an optical pyrometer sighted through two 

holes in the nickel test col lector . The sight holes were ver t ica l ly aligned 

about 5/16 in. apart , the bottom hole being located at the axial center l ine 

of the emi t te r . A difference of ~60 was observed with the two holes. For 

the purpose of thermocouple calibration, the highest t empera tu re observat ion 

was always used. The reading was co r rec t ed for emiss iv i ty and losses 

through the bell j a r . The naillivolt output from the two thermocouples was 

recorded and plotted ve r sus the co r rec ted pyromete r reading. After the 

removal of the tes t collector, the two thermocouples were the only d i rec t 

means of determining emi t te r t empera tu re . While thermocouples a re l ess 

rel iable than an optical pyrometer , it was felt that the cel l design would 

suffer from the standpoint of rel iabil i ty if pyrometer windows were required . 

In actual operation, at least one of the thermocouples gave consistent 

resu l t s for hundreds of hours . Frequently, one of the thermocouples 

abruptly gave much lower readings (-^150 ) and had to be d i s regarded . 

Large t empera tu re changes such as those during filament failure often 

caused step changes in thermocouple output. During pos t - tes t analysis 

following terminat ion of the life test , it was usually found that the t h e r m o ­

couple which had shown much lower readings had pulled out of its cavity. 

The t empera tu re gradient observed over the surface of the emi t te r 

was due to uneven density and uneven bonding of the carbide to the tantalum 

subs t ra te , and to a la rge extent the method of heating. The center portion 

of the cavity was heated by e lec t ron bombardment from the l a rges t number 

32 
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of turns of the e lec t ron-gun filament wire . The ent i re top of the emi t te r 

was heated by a single turn, while a re la t ively large tes t sink was present 

in the form of the emi t t e r s tem; thus, heat was conducted away from the 

bottom portion of the emi t te r , lowering the t empera tu re in that region. 

The center of the emi t te r was always the hottest portion. A t e m p e r a t u r e -

profile study of the emi t te r , conducted without a collector, is given in 

Table 2. A, B, and C r ep re sen t three angular positions approximately 

120 apar t . In the same radial plane, the maximum deviation was 35 K, 

while in the axial plane a maximum difference of up to 130 K was observed 

Table 2 

TEMPERATURE PROFILE OF EMITTER SURFACE 

Axial Posi t ion 

Top 

Upper 

Middle 

Lower 

Bottom 

Tempera tu re ( K) 

Angular Posit ion, Run 1 

A 

1770 

1800 

1811 

1735 

1708 

B 

1735 

1800 

1811 

1778 

1708 

C 

1745 

1785 

1805 

1751 

1710 

Angular Position, Run 2 

A 

1875 

1915 

1949 

1909 

1852 

B 

1891 

1950 

1970 

1908 

1868 

C 

1882 

1930 

1972 

1899 

1842 

The emi t t e r - t empera tu re indication was most questionable in Cell E, 

where power input was used for the major i ty of the tes t owing to failure of 

the thermocouple . In Cell F, one thermocouple was rel iable but the other 

thermocouple s ta r ted giving low readings and was d is regarded . In Cell G, 

the spread between the two emi t te r thermocouples inc reased from 20 to 

70 , and at t imes to 100 , The higher t empera tu re was considered more 

re l iable and was used throughout the life test . In Cell J, the emi t t e r -

thermocouple indications were only about 50 apar t for the ent i re run of 

over 1400 hr, The indicated t empera tu re differential between the two 

thermocouples of Cell H var ied between 25 and 80 . In Cell K, only one 
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thermocouple was used, which showed a s tep change of 50 after the r ep l ace ­

ment of the first filament. 

Emi t t e r - t empera tu re control was achieved by adjusting the bombard­

ment voltage. Since there was no fine control for this adjustment in the 

ear ly part of the program, step changes in the input were made and the 

t empera tu re was recorded after the rmal equilibriura was observed. No 

atterapt was made to adjust to a specific emi t te r t empera tu re . For the 

la t te r par t of the program, a fine control permi t ted setting of the enaitter 

at a fixed, prede termined t empera tu re . 

VACUUM-EMISSION STUDIES 

Cell performance is highly dependent upon the work function of the 

emi t te r . This pa r ame te r can best be studied under vacuum conditions by 

relat ing the saturat ion cur ren t to the t empera tu re according to Richardson ' s 
2 

equation. The large size of the emi t te r (12 cm ) plus the large spacing 

(0. 010 to 0. 040 in. ) required special equipment capable of high cur ren t s 

(50 amp) at high voltages (5 kv). To reduce the input requ i rement and 

prevent overheating of the collector, a 10-/isec square-wave pulse genera tor 

was designed and built. The repeti t ion ra te was 10 pulses per second. The 

voltage applied to the emi t te r was var ied by means of a var iable t r ans fo rmer 

from 0 to 4000 volts . Using a special osci l loscope with independent external 

horizontal and ver t i ca l input, a cur ren t -vol tage plot could be presented on 

the scope. Each dot r ep resen ted a cur ren t pulse and the t r ace is s imi la r 

toaSchot tky plot. For convenience it was recorded with a c a m e r a (Fig. 11). 

The cur ren t was presented on the ordinate and the applied voltage on the 

absc i ssa . To be cer ta in that saturat ion had occurred , the cur ren t 

was read at a voltag^ of 3. 5 kv. This was divided by the emi t t e r a r e a to 

obtain cu r ren t density and was plotted against the emi t te r t empe ra tu i e on 

semi- log paper. The emiss ion was investigated in about 10 increments 

over the emi t t e r - t empera tu re range 1600 to 2200 K. 
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DATE: 10-23-62 

Absc issa : 0. 5 kv/div 

Ordinate: 2 v /div (obtains 2 amp/d iv a c r o s s 
1-ohm r e s i s t o r ) 

Cur ren t : 7, 8 amp at 4 kv applied voltage 
o 

Emi t t e r t empera tu re : 1883 K 

Emi t t e r : No. 28 

F ig , 11--Representative waveformt of emiss ion cu r ren t 
as a function of applied cell voltage 
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Vacuum-emiss ion m e a s u r e m e n t s were made on each emi t te r following 
(3) 

final machining and abras ive cleaning. It was learned from other studies 

that heating the emi t t e r s for 40 hr at t empera tu re s in excess of 2000 K would 

enhance the emiss ion of ba re carb ides . This p rocedure was also applied 

to the emi t t e r s used in Mark V diodes. After the 40-hr bakeout, another 

vacuum-emiss ion study was conducted. The inc rease in sa tura t ion cu r ren t 

observed on emi t te r No. 39 is shown in Fig. 12. It is believed that an 

activation of the surface was accomplished by evaporating the uran ium oxide 

and allowing new uranium to diffuse to the surface. A number of s imi l a r 

emiss ion studies were conducted during assembly . During the f i rs t 

emiss ion m e a s u r e m e n t s , the t empera tu re was observed with an optical 

pyrometer sighted through holes in the tes t col lector . After instal lat ion 

of the regular collector, the t empera tu re was read by means of the t h e r m o ­

couples. The final vacuum-emiss ion curves for Cells F , G, H, J,and K 

a r e shown in Fig. 13. It can be noted that a considerable difference existed 

between these five emi t t e r s . In part , this is a r e su l t of the nonisothermal 

t empera tu re existing over the emi t te r surface. Although all data a r e 

repor ted on the bas is of the maximum emi t te r surface t empera tu re , in 

actuali ty the emiss ion cur ren t is a function of the weighted surface t em­

pera tu re . No cor rec t ion or normal izat ion between emi t t e r s due to t e m p e r ­

a ture distr ibution was made, so d i rec t compar ison is not completely valid. 

Slight var ia t ions in fabrication and subsequent handling of the emi t te r also 

affected the sa tura t ion current . The slope of the curve is the same in al l 

cases ; however, there is a shift of near ly 200 from the best emi t t e r s 

(Cells F and G) to the poores t emi t te r (Cell H). For a given emi t t e r 

t empera tu re , the emiss ion of Cell F was five t imes as high as that of Cell H. 

THERMIONIC CELL PERFORMANCE 

The thermionic performance data were obtained by two means . For 

fast evaluation of cell performance over the complete cu r r en t range of the 

cell, a 60-cycle sweep was applied to the cell t e rmina l s . The c i rcui t diagrami 
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# BEFORE EMITTER BAKE-OUT 
X DURING EMITTER BAKE-OUT 
O AFTER EMITTER BAKE-OUT 

_L ± J. ± ± J. 
1200 1400 1600 1800 2000 

CORRECTED EMITTER TEMP. C®K) 
2200 

F i g . 12--Current density v e r s u s emi t t e r t empera tu re 
for emi t t e r No. 39 (10UC-90ZrC) 
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is shown in Fig. 14. The result ing cur rent -vol tage plot was displayed on 

an osci l loscope and recorded with a Polaroid c a m e r a (Fig. 15). The 

h y s t e r e s i s in the curve has not been explained. The lower curve usually 

corresponded to s teady-s ta te data. The dot is the origin of the axes . 

Because the ent i re cur ren t t r ace was instantaneously presented as a function 

of cell voltage, it afforded a revealing insight to cell operation. A flat 

cur ren t -vol tage curve with the c lass ica l knee at a potential of about 1. 2 

volts indicated low ces ium p r e s s u r e , while very low cur ren t indicated a 

lack of ces ium plasma (Fig. 15). Maximum power output for given emi t te r and 

ces ium-wel l t e m p e r a t u r e s was easi ly computed by calculating the power 

at var ious cell vol tages. To obtain these t r a c e s , only the cell voltage was 

var ied by means of the external sweep. The assumpt ion was naade that 

during the short period of sweeping the cel ls , all p a r a m e t e r s including the 

emi t te r t empera tu re remained constant. This assumption, however, was 

not ent i re ly co r rec t . This method, though expedient, lacked the accuracy 

achievable with s teady-s ta te measurencients. It mus t be kept in mind that 

these cells were designed for l i fe- test ing, so li t t le emphas is was placed 

on obtaining prec i se physics data. 

After obtaining a t r ace , one p a r a m e t e r - - u s u a l l y the enaitter 

t e m p e r a t u r e - - w a s changed and another data point was recorded. 

During long- te rm, s teady-s ta te operation, the cell output was switched 

over to a r e s i s t o r (Fig. 16) which was adjusted to obtain the maximum 

power output for the given operating conditions. Occasionally, the second 

method Vv̂ as used to study the effect of ces ium p r e s s u r e or collector t empera tu re . 

With the s teady-s ta te xnethod, the voltage was read on a vol tmeter with 

0. 02-volt divisions and the cur ren t was read as a mill ivolt output a c r o s s 

a 50-amp (50 mv) prec is ion shunt. 

EMITTER-TEMPERATURE E F F E C T 

The e m i t t e r - t e m p e r a t u r e data were predominantly taken in the 

following manner . The ces ium-wel l t empera tu re and the emi t te r t empera tu re 
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were adjusted to a des i red value. After equil ibrium had been reached, a 

cur ren t -vol tage t r ace was recorded. Then the emi t t e r t empera tu re was 

changed and another cur rent -vol tage t race was recorded. The e m i t t e r -

t empera tu re range from 1900 to 2200 K was investigated in 5 to 7 s teps , 

with 3 to 8 min being allowed at each step for equil ibration of al l p a r a m e t e r s . 

F r o m each cur rent -vol tage curve the maximura power was computed. The 

power output was plotted as a function of emi t te r t empera tu re for al l cells 

tes ted (Fig. 17). It is noted that the power was an exponential function of 

the emi t te r t empera tu re , which emphasizes the significance of an accura te 

e m i t t e r - t e m p e r a t u r e measu remen t . Some of the differences between cells 

were at t r ibuted to different average surface t e m p e r a t u r e s . The reason 

for the low output of Cell E is not fully known. It is believed, however, 

that the emi t t e r surface was contaminated and that the bakeout and outgassing 

p rocedures for the e m i t t e r and the cel l were inadequate. 

CESIUM-TEMPERATURE E F F E C T 

In Cell E, the tubing connecting the ces ium well to the cell was long 

and had a smal l c ro s s - sec t i ona l a r ea . In addition, the long tubing to the 

h igh- t empera tu re valve produced the rmal lags so that c e s i u m - p r e s s u r e 

equi l ibr ium was not reached for hours . Therefore , data were taken at 

fixed ces ium p r e s s u r e s over the whole e m i t t e r - t e m p e r a t u r e range. After 

a c e s i u m - p r e s s u r e change, seve ra l hours (preferably 16 to 20) were allowed 

for equil ibration. With the ijxiproved cell design, equi l ibr ium was achieved 

within minutes and c e s i u m - p r e s s u r e effects could be studied more expe­

ditiously and effectively. With the exception of the las t two cel ls , data 

were taken at a fixed cesium p r e s s u r e over a wide e m i t t e r - t e m p e r a t u r e 

range before changing to another ces ium-wel l t e m p e r a t u r e . The maximum 

power output was plotted as a function of emi t te r t empera tu re with ces ium 

p r e s s u r e as a pa r ame te r (Fig. 18). Frora this family of curves , the effect 

of ces ium p r e s s u r e was evaluated by cross-p lo t t ing the data at a fixed 

emi t t e r t empera tu re (Fig. 19). 
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The c e s i u m - p r e s s u r e effect was investigated in Cells E, F, G, and J 

from 0. 04 to 9 m m Hg (from 460 to 640 K). There was a gradual 

inc rease in cell output with increasing well t e m p e r a t u r e up to 600 K, with 

a steep dec rease in output at t empera tu re s above 620 K. The data of Cell 

E were less conclusive. While there seems to be a peak at 590 K, the 

maxinaum power obtained from this cell was at a ces ium-wel l t empera tu re 

of 608 K. In subsequent cells , the p r e s s u r e range investigated was 

nar rowed to 1 m m to 10 m.m Hg. Figure 20 shows the power output for 

Cell H at two emi t te r t empera tu re s , 2012 and 2200 K, as a function of 

ces ium-wel l t empe ra tu r e . The peak in cell output is very apparent at 

637 ±4 and seems to occur at essent ia l ly the same ces ium-wel l t empera tu re 

for both emi t te r t empe ra tu r e s . 

In Cells H and K, it was possible to maintain a fixed emi t te r t em­

pera tu re by means of a fine adjustment on the input voltage. The effect of 

ces ium p r e s s u r e was investigated by maintaining the cell voltage constant 

and recording the cell cu r ren t at ces ium p r e s s u r e s from 2. 5 to 7 m m Hg 

(583 to 635 K). The optimum in this case appears at 608 d=2 K (Fig. 21). 

At lower ces ium p r e s s u r e s insufficient ions were present for complete 

space -charge neutral izat ion, while at p r e s s u r e s above 7 m m Hg (630 K) 

collisions with ces ium atoms reduced the cur ren t flow. 

SHORT- CIRCUIT CURRENT 

To investigate the maximuTn cur ren t output from the cell, m e a s u r e ­

ments were made with the external r e s i s t ance reduced to a rainimum. It 

was observed, however , that this operating condition was not stable enoughto 

permi t the taking of rel iable data, p r imar i ly because of Pe l t i e r cooling of 

the emi t te r . More consistent resu l t s were obtained by reading the cur ren t 

from the t r a c e on the scope at the intercept with the ordinate . Since the 

t r ace swept the whole voltage range in 1/120 sec, the assumption was made 

that the m a s s of the emi t te r was sufficient to maintain the emit ter t em­

pe ra tu re near ly constant. The sho r t - c i r cu i t cu r r en t density is shown as a 
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function of emi t te r t empera tu re in Figs . 22 and 23 for Cells G and J, 

respect ively. The maximum cur ren t obtained from a cell in the presence 

of ces ium exceeded the vacuum-emission cur ren t by a factor of 5 to 6. 

In Figs . 22 and 23 the vacuum-emission cur ren t s for the corresponding 

emi t t e r s a r e shown as a dashed line for comparison. 

The sca t te r of the points in Figs , 22 and 23 somewhat obscured the 

fact that the sho r t - c i r cu i t cur ren t for a given emi t t e r tempera ture was a 

function of the ces ium p r e s s u r e . In Fig. 24, the relat ion of ces ium p r e s s u r e 

to shor t -c i rcu i t cu r ren t is plotted for Cells G and J. It is apparent that 

the shor t - c i r cu i t cur ren t inc reased with increasing ces ium-wel l t empera tu re , 

and that the curve also has a maximum s imi la r to that observed for power 

output (Fig. 19). A compar ison of these three figures revea ls , however, 

that the maximum of the cur ren t curve l ies about 10 higher than that of 

the power curve, and that the dec rease is much m o r e gradual . This points 

to the fact that dec rease in cell power at higher ces ium p r e s s u r e is due to 

factors other than the t r anspor t defects mentioned above. 

Open-ci rcui t Voltage 

Since power is the product of cu r ren t and voltage, cell voltage was 

investigated. The cell voltage raeasured with an infinite external r e s i s t ance 

is r e fe r red to as the open-c i rcui t voltage. The exper imenta l values obtained 

from Cell G a r e shown as a function of cesium-well t empera tu re in Fig. 25. 

Theoret ical ly, this voltage is the difference between the effective emi t te r 

work function and the collector work function. A change of the wetting of 

e i ther of the surfaces will affect their work functions. It is not readily 

seen why the c e s i u m - p r e s s u r e effect on cell voltage should be l inear , as 

it appears to be in Fig. 25. An open-c i rcui t voltage of 2 volts was recorded 

at 470 K, while at a ces ium-wel l t empera tu re of 650 K the voltage had 

dropped to 1. 6 volts . 

The cell voltage at maximum power output is a lso plotted in Fig. 25. 

At a ces ium-wel l t empera tu re of 470 K, the voltage is 1. 3 volts and it 

dec rea se s to 0. 6 volt at 650 K. The two curves a re near ly paral le l . The 
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cell voltage for maximum cell power output at the optimum ces ium p r e s s u r e 

is between 0. 7 and 0. 8 volt, which is considerably less than the contact 

potential of the theore t ica l model. The open-ci rcui t voltage is also dependent 

upon the emi t te r t empera tu re , since it depends on emi t te r work function 

(Fig. 26). An inc rease from 1. 75 at 1800°K to 2. 05 at 2200°K was observed. 

The voltage at maximum power followed the same trend. A s imi l a r study 

was conducted on Cell K. When the collector t empera tu re was held constant, 

a l inear relat ion between voltage and emi t te r t empera tu re was recorded 

(Fig. 27). Much lower open-c i rcui t voltages were m e a s u r e d when the collector 

t empera tu re was allowed to inc rease with increasing emi t te r t empera tu re . 

COLLECTOR-TEMPERATURE E F F E C T 

Since one objective of this p rogram was cell operat ion at high collector 

t empe ra tu r e (~1000 K), l i t t le provision was made to achieve optimized 
o 

collector t e m p e r a t u r e s , since this t empera tu re might be well below 1000 K. 

Thus, the cooling provisions were inadequate and the collector t empera tu re 

was p r imar i ly a function of the emi t te r t empe ra tu r e . Stopping collector 

coolant flow or supplying additional heat with the collector hea te r (Fig. 1) 

resu l ted in higher collector t e m p e r a t u r e s . The range over which collector 

t empera tu re could be investigated was about 150 K. The resu l t s were not 

very conclusive. At an emi t te r t empera tu re of 2000 K, the cell output was 

independent of collector t empera tu re between 850 and 1040 K (Fig. 28). 

In Cell E, it appeared that an increased power output occur red at higher 

collector t e m p e r a t u r e s . In a study on Cell H, two operat ions , with and 

without collector coolant flow, were compared. The curve in Fig. 29 cor ­

responding to the lower collector t empera tu re (730 to 900 K) is about 20% 

higher than the curve for the higher collector t empera tu re (900 to 980 K). 

In Cell K, the study of collector t empera tu re again proved that a substantial 

i nc rease in output was obtained at lower collector t empera tu re s (Fig. 30). 

At 2200 K, the cell output inc reased from 21 to 41 watts when the collector 



56 

Ui 
o 
< 
o 
> 

3 
o 
a: 
o 
1 

a. 
o 

L.l 

2.0 

1.8 

1.6 

1.4 

i.2 

— 

— 

— 

_ 

,.L,. 

® ® 

J » _ „ 

® X 

_ _ _ L . 

f 
X 1 

X > ^ 

X CELL G i 

® CELL J 

1600 1800 2000 

EMITTER TEMP. (°K) 

2200 2400 

Fig . 26--Varia t ion of open-c i rcui t voltage of Cel ls G and J 
with emi t te r t empera tu re 



57 

2.0 

1.9 -

1.8 

<r 
b 
o > 
t-

o 
(T 
O 

1.7 

1.6 

Lb 

O 1.4 

1.3 

1.2 

IJ 

1.0 
1600 

J_ 

X Tj,Q̂_ = 706° — 840®C 

X 
1800 2000 E200 

EMITTER TEMPERATURE (-̂  "K ) 
2400 

Fig. 27- -Open-c i rcu i t voltage as a function of 
emi t t e r t empera tu re of Cell K 



58 

28 

26 -

24 -

22 

20 

18 

I 16 k 

O 

s 

14 -

12 -

10 -

8 

6 -

k -

800 850 

oo 
o 

o o o o o o oo 

O CELL G T^^^ 623°K 

9 CELL J T^^^ 6,^0^ 

T^=2000°K 

X X 
900 950 

COLLECTOR TEMP. (°K) 

1000 1050 

Fig . 28--Effect of collector t empera tu re on power output of Cells G and J 



59 

60 

d 

50 -

^ 4 0 

30 

20 

10 

1400 

O WITH COLLECTOR COOLING 

A WITHOUT COLLECTOR COOLING 

Tgg - 638«K 

1. ± I 
1600 1800 2000 2200 

EMITTER TEMPERATURE C°K) 

2400 2600 

F i g . 2 9 - - E f f e c t of c o l l e c t o r cool ing on power output and c o l l e c t o r t e m p e r a t u r e 
of Ce l l H a t 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 



60 

M 1100--

u 
t 
a 
H 
1^ o 

• I J o 
<p 

o 
U 

•or 

O 

1000,. 

900-• 

800 , . 

700 „ . 

40 - -

30 

20--

10--

+• 4-

0 No Collector Cooling 
X With Collector Cooling 

T^ = 609°K 
4-

1800 2000 2200 
Emitter Temperature 

2400°K 

Fig. 30--Cell output and collector temperature 
versus emitter temperature 



61 

t empera tu re dec reased from 1090 to 923 K. At 1900 K, however, there 

was no inc rease in power for a 230 K drop in collector t empera tu re . 

The data obtained in this p r o g r a m have been inadequate to es tabl ish 

if an optimum collector t empera tu re does exis t for carbide emi t t e r s with 

nickel co l lec tors . At low emi t t e r t empe ra tu r e s , 1900 to 2000 K, there 

does not appear to be a noticeable effect of collector t empera tu re on power 

output, but at an emi t te r t empera tu re of 2200 K a substantial inc rease 

has been noted. This inc rease in power was due not only to a higher cell 

voltage but also to a higher cell cur rent . While an inc rease in cell voltage 

may be at t r ibuted to a lower work function of the collector at lower col lector 

t empera tu re , the inc reased cell cu r ren t is not so readi ly explained. 

A subsequent co l l ec to r - t empera tu re study on Cell K at a fixed 

emi t te r t empera tu re of 2300 K showed a t ime-dependent dec rease in cell 

output as well as a co l l ec to r - t empera tu re effect. P r e l i m i n a r y to this 

study, the emi t te r t empera tu re was decreased from 2300 to 1940 K, 

allowing the collector to cool to 826 K. Then the emi t te r was quickly 

inc reased to 2300 K, and a power output of 54 watts was recorded at a 

collector t empera tu re of 873 K. With the emi t t e r t empera tu re held 

constant, the cell output was naonitored as the collector t empera tu re was 

increased to 992 K within 30 min (Fig. 31). At this point the output had 

dropped to 47. 5 w a t t s - - a 12% decrease , A gradual but continuous dec rease 

occur red over the next 6-1/2 hr until the power had degraded to 34. 5 watts . 

The only change of any pa rame te r was a 16 K increase in collector 

t empera tu re . The output of 34. 5 watts was the same as that observed 

before this study under the same conditions, while 54 watts was the highest 

output observed on Cell K. The f irst rapid degradation was p r imar i l y 

at t r ibuted to a change in work function of the col lector . The slower change, 

which occur red at essent ia l ly constant collector t e inpera tu re , was more 

complex. Similar t ime-dependent changes in output have been observed 

during this p rogram, although they a r e not as well-documented as in the 

above case . A t ime-dependent change in vacuum-emiss ion cu r ren t was 
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(3) 
a lso observed in re la ted r e s e a r c h . It is postulated that surface depletion 

of uranium occur red owing to the evaporation that occurs when carbide 
o o 

emi t t e r s a r e operated above 2100 K; at t empera tu re s below 1950 K, the 

ra te of diffusion of the carbide to the surface exceeded the evaporat ion 

ra te and additional uran ium was available on the surface, which resu l ted 

in inc reased emiss ion. The data available at this t ime a r e inadequate to 

prove or disprove this hypothesis . It may well be that changes in surface 

conditions such as those descr ibed above have contributed substantial ly 

to the sca t te r of the points observed during this p rogram. 

EFFECTIVE EMISSIVITY 

A knowledge of the effective emiss iv i ty of a thermionic conver ter is 

important because heat los ses by radiat ion may be computed if the emiss iv i ty 

is known and changes in surface conditions can be re la ted to changes in 

emiss ivi ty . At a s teady-s ta te condition, and without cu r ren t flow, it was 

assumed that the power input (p. ) was equal to the power loss due to 
4 ^^ 

radiation, p. = cr EAT . Conduction losses down the emi t te r s tem and 
in 

convection through the p lasma were considered negligible for the purpose 

of this analys is . F u r t h e r m o r e , it was assumed that the total e lec t r i ca l 

power input was diss ipated in the emi t t e r cavity, which meant that there 
4 

were no lead l o s se s . For blackbody radiation, E = 1 and P_,_. - ff AT . 
2 

For a given t empera tu re , T, and an emi t te r a r ea A = 12 cm , P „ „ was 
BB 

computed. Equating the two t e r m s for power and solving for the effective 
emiss ivi ty , E, gives E = P . / P „ „ . This emiss iv i ty is plotted in Fig. 32. 

m BB 

While there was a considerable sca t te r of the points, there existed a 

definite dec rease in emiss iv i ty with increasing emi-tter t empe ra tu r e . One 

explanation is that the conduction losses of the s t em a r e a sma l l e r portion 

of the total power input at higher emi t t e r t empera tu re than at lower 

t empera tu re . The average emiss iv i ty of the diodes was found to be 0. 55. 

This is lower than might be expected considering that the collector was 

coated with a heavy layer of carbide even after shor t periods of operation. 



64 

o 

I 
as 

1100 -

Ul 

a. 

a. 

o o 

900 -

700 

X CELL F 

O CELL 0 

D CELL H 

O CELL a 

0.7 

0.3 
(400 1600 1800 2000 2200 

EMITTER TEMPERATURE C~®K) 

2400 

Fig. 32--Effective emiss ivi ty and collector t empera tu re of Cells F, G 
H, and J as a function of emi t te r t empera tu re 



65 

The collector temiperature obtained:at the same t ime is a lso plotted 

in Fig. 32, but there does not seem to be a relat ion between the collector 

temiperature and the emissivi ty , although the highest collector t empera tu re 

resul ted in the lowest emiss iv i ty curve. In Cell K, the em.issivity was 

de termined over the ent i re life tes t (Fig. 33). The highest emiss iv i ty 

(0. 8) was observed: at the s t a r t of operation. The emiss iv i ty dec reased 

during the tes t to 0, 55 and then inc reased again to 0. 65 at 1900 K. One 

study was made at a constant collector t empera tu re , but the t rend of the 

curve did not differ from data taken when the col lector was allowed to 

vary with emi t t e r t empera tu re . 

CELL OPERATING EFFICIENCY 

Throughout this r e s e a r c h , the efficiency of the conver ter was determine 

by dividing the cell output by the e lec t r i ca l power input. Because the 

emi t t e r t empera tu re was a l inear function of power input, while the cell 

output inc reased exponentially with emi t t e r tem.perature, the efficiency of 

this device was highest at the highest emi t te r t empera tu re . It mus t be 

noted at this t ime that the power output r e f e r r e d to he re and throughout 

the ent i re repor t was comiputed from load voltages and not voltages m e a s u r e d 

at the cell term,inals or at the emi t t e r and col lector proper . While heavy 

leads were used between the cell and the lugs external to the bel l j a r , sma l l 

contact and lead losses of 0. 0,02 ohm res i s t ance could resu l t in a 10% loss 

of power (at 40 amp), or a 10% dec rease in efficiency. 

The maximum efficiency of 6. 2%-was computed from sweep data for 

Cell F . Also, in Cell G a 6% efficiency for shor t operat ion was observed. 

During continuous operat ion of the cells at a reduced power output, the 

efficiency was as low as 1% for Cell E and as high as 4% for Cells J and K. 

The efficiency of the cells is given in Table 3. 
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Table 3 

OPERATING EFFICIENCY OF CELLS E THROUGH K 
(In %) 

Maximum 

Continuous operat ion 

E 

2.2 

1 

F 

6.2 

1-4. 5 

G 

6 

1. 7 -2 .4 

H 

4. 3 

1. 9 -2 .4 

J 

5 

2-4 

K 

4,2 

.3 



VI. SERIES AND PARALLEL OPERATION OF CELLS 

During the operat ion of Cells F, G, and J, the e l ec t r i ca l output of 

two cells was connected ei ther in s e r i e s or in paral le l . These studies 

were conducted under a var ie ty of load conditions and with independently 

var iable emit ter t empe ra tu r e s in the two ce l l s . The data obtained from 

Cells G and F a r e presented in Table 4. Because of the very low power 

output of Cell F, the information was not conclusive. 

When Cells J and G were operating simultaneously, network studies 

were again conducted. The e lec t r i ca l c i rcu i t ry used for these measu remen t s 

is shown in Fig. 34. Since the two cells were completely independent of 

each other, except for the e lec t r i ca l connection, no interact ion between the 

cells was observed. The data obtained a r e shown in Tables 5 and 6. The 

resu l t s agree with the principle of cur ren t conservat ion within exper imenta l 

accuracy. Circui t-vol tage conditions under para l le l operation a r e consistent 

with lead r e s i s t ances of 0. Oil ±0. 001 ohm in s e r i e s with each cell . Current 

and voltage data for s e r i e s operation a re consistent with a c i rcui t r e s i s t ance 

of 0. 006 ±0. 002 ohm in addition to the var iab le - load re s i s t ance . 

POST-TEST ANALYSIS 

Upon completion of the life test , each conver ter was subjected to an 

extensive pos t - t es t analysis to determine the cause of failure and es tabl ish 

the condition of the individual components. The analysis covered the 

following major a r e a s of investigation: 

1. Leak-check of cell envelope, 

2. Thermocouple reca l ibra t ion and evaluation. 

3. Vacuum-emiss ion study of the emi t te r . 

4. Chemical analysis of the emi t te r and col lector . 

5. Metal lurgical analysis of the emi t te r , col lector , and insulator . 

68 
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Table 4 

SERIES AND PARALLEL OPERATION OF CELL F AND CELL G 

Cell F and Cell G in Para l l e l 
(for various load res is tances) 

Cell F 

V (volts) 

0.85 

0.75 

0,62 

0.9 

0.47 

I (amp) 

3.2 

3.9 

6 

2.7 

9.9 

Cell G 

V (volts) 

0.95 

0.89 

0.75 

1.25 

0.87 

I (amp) 

7 

8 

10 

20 

22 

Total 

V (volts) 

0,84 

0.73 

0.58 

0.84 

0.40 

I (amp) 

9.5 

12,5 

16.5 

1 
34) 

Remarks 

Increased 
emitter temp. 
of Cell G 

Cells F and G in Ser ies 

Cell F 

V (volts) 

0,6 

0,24 

I (am^p) 

8 

15 

Ce l lG 

V (volts) 

0,3 

1.42 

I (am.p) 

8 

14,6 

Total 

V (volts) 

0.74 

1.34 

I (amp) 

8,2 

15 

Remarks 

Increased 
ero.itter temp, 
of Cell G 



70 

CELL G 
A ' 

0 k^ 
VARIABLE LOAD 

V = VOLTAGE 

i = CURRENT 

E = EHITTER 

C = COLLECTOR 

S = SERIES CONNECTION 

P = PARALLEL CONNECTION 

SW = SWITCH 

SUBSCRIPT 

G = CELL G 

J = CELL J 

L = LOAD 

Fig . 34- -Ci rcu i t to m e a s u r e operation of Cells G and J 
in s e r i e s and pa ra l l e l 
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Table 5 

PARALLEL OPERATION OF CELLS G AND J 

(Cesium. Tenaperature - 618 K) 

CELL G 

Emitte r 
Temp. (°K) 

2051 

2102 

2080 

Cell Voltage 

0.98 

1,19 

0.94 

Cell Cur ren t 

15 

10.5 

16 

CELL J 

Emi t t e r 
Temp . (°K) 

2010 

2022 

2005 

Cell Voltage 

0.95 

1.17 

0.91 

Cell Current 

12.5 

9.2 

13,5 

LOAD 

Voltage 

0.81 

1.08 

0.76 

Current 

27 

19 

29 

Power 
(watts) 

21.9 

20.5 

22. 1 

Increased Cell G Emit ter Temperature 

2146 

2120 

2195 

1.05 

0 . 8 

1.33 
1 

19 

25.5 

13 

2005 

2000 

2040 

0,99 

0.73 

1.28 

12 

15.8 

7 . 8 

0.84 

0.52 

1.19 

31 

41 

20 

26 

21,3 

23,9 

Increased Cell J Emit ter Temperature 

2182 

2085 

1.15 

0,82 

17. 5 

24 .5 

2115 

2082 

1.14 

0.82 

18.5 

24.5 

0.94 

0.54 

36.5 

48 .5 

34.4 

26.2 



Table 6 

SERIES OPERATION OF CELLS G AND J 

CELL G 

Emit ter 
Temp. (°K) 

2109 

2108 

2120 

2122 

2150 

2155 

Cell Voltage 

0.46 

0.55 

0,70 

0.73 

0,99 

0.96 

Cell Current 

33 

29 

27 

24 

21.5 

18.75 

CELL J 

Emit ter 
Temp. (°K) 

2088 

2088 

2098 

2110 

2120 

2130 

Cell Voltage 

0.58 

0.67 

0.80 

0.97 

1. 10 

1.18 

Cell Current 
(Aj) 

31 

2 8 . 5 

27 

23 

21 

1 8 . 5 

LOAD 

Vol tage 

0 .88 

1,08 

1.38 

1.57 

1.95 

2 

C u r r e n t 

31 

2 8 . 5 

27 

2 3 . 5 

2 1 . 0 

18 

P o w e r 
(wat t s ) 

2 7 . 2 

3 0 . 8 

3 7 . 4 

37 

41 

36 

D e c r e a s e d C e l l J E m i t t e r T e m p e r a t u r e 

2185 

2156 

1, 14 

1.0 

18 

21 

2045 

2028 

0 .94 

0 .71 

1 7 . 5 

2 0 . 5 

1.95 

1.57 

1775^ 

„„ 2_Q. 5 

34 

32 .2 

D e c r e a s e d C e l l G E m i t t e r T e m p e r a t u r e 

2022 

2025 

2020 

2026 

1.6 

0 . 7 5 

0 .82 

0 . 9 1 

18 .5 

16 .5 

15 .8 

14 

2040 

2045 

2050 

2060 

0 . 9 

0 . 9 9 

1.05 

1. 14 

18 

16 

15 

13 

1.35 

1.63 

1.75 

1.95 

18 

16 

15 

13 .5 

26 

26 

2 6 . 4 

2 6 , 4 
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LEAK-CHECK OF CELL ENVELOPE 

Since c losure of Cell E had been accomplished by means of a high-

t empera tu re valve, an investigation of the p r e s s u r e in the cell and the 

identity of the gases that might have accumulated was cons idered worthwhile. 

It was found, however, that a leak a c r o s s the valve seat had existed during 

the life t es t and that the cel l body had numerous leaks , which precluded 

any p r e s s u r e or r e s idua l -gas study. In all other cel ls , the ces ium vial was 

cut off and a leak-check of the cell body was conducted. All of these cells 

except K, which had five smal l leaks, had so many la rge leaks that they 

were difficult to locate accura te ly . The e l ec t ron-beam weld between the 

copper of the emi t t e r base and the Kovar ring of the insulator was leaking 

in each case . In Cell K, this weld was el iminated and a re la t ively bet ter 

cell envelope resul ted. In Cell F, a la rge leak was also found in the tantalum 

subs t ra te of the emi t te r . Since the cells were operated in a vacuumi 

environment, ces ium leaked out through the cell envelope and was deposited 

in the bell j a r . There has never been any evidence that the ceram.ic- to-

meta l bond of the insulator or the aluininum oxide itself had developed a 

leak. All of the b r azes which were made with a coppe r - s i lve r alloy remained 

leaktight throughout the ent i re life tes t of the cel ls . The n icke l - to-copper 

weld joining the collector and the collector base , which was made in an 

e l ec t ron-beam welder, a lso maintained its integri ty. 

THERMOCOUPLE RECALIBRATION 

Following the leak-check, the collector was removed from each cell 

by filing off the co l l ec to r - to -base weld so that the emiitter thermocouples 

could be reca l ib ra ted with the use of the tes t col lector . 

For Cell E, a plot of the input power ve r sus the emi t te r t empera tu re 

read from a pyrometer after the tes t was found to fit the power-input 

ve r sus e m i t t e r - t e m p e r a t u r e curve previously es tabl ished and used 

throughout the life test . 
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In Cell F, it could be seen that thermocouple No. 1, which had given 

low readings during the test , had pulled out of its cavity. The reca l ibra t ion 

of the other thermocouple agreed well with the original calibration. 

In Cells G and J, no thermocouple reca l ibra t ion was possible because 

the emi t t e r s were removed together with the collector . In Cells H and K, 

the thermocouples maintained their cal ibrat ion throughout the tes t (Fig. 35). 

Thermocouple No. 1 read an average of 40 lower in Cell H, while t h e r m o ­

couple No. 2 was only about 20 off. The thermocouple in Cell K read 50 
o 

to pO higher after the test . In this cal ibrat ion, the two pyromete r readings 

made through the top and bottom sight holes agreed within 10 , indicating 

a good t empera tu re distr ibution over the surface of the emi t te r , 

VACUUM EMISSION AFTER LIFE TEST 

To determine if the vacuum-emiss ion cha rac t e r i s t i c s of carbide 

emi t t e r s change after long operat ion at elevated t e m p e r a t u r e s , vacuum-

emiss ion studies were conducted on emi t t e r s from Cells E, F , H, and K 

after the life test . In Cell E, the top of the emi t t e r was cut off and tested. 

An inc rease in cu r ren t was observed at lower t e m p e r a t u r e s , but at higher 

t empera tu re s the emiss ion was the same as before the test . This informatio 

was substantiated by data obtained from Cell F (Fig, 36). In Cells H and 

K, it was found that the cur ren t density was higher over the ent i re t em­

pera tu re range (Fig. 37), an inc rease of a factor of 8 being observed in 

Cell H. After operation at 2100 K for 5 hr , another emiss ion check resu l ted 

in slightly lower values. It is of considerable impor tance to note that the 

emiss ion was higher after the tes t than before the test . F u r t h e r m o r e , the 

increased value is in good agreement with the maximum shor t - c i r cu i t 

cur ren t observed during the life tes t (Figs. 22 and 23), This s t rengthens 

the hypothesis that the carbide surface was cleaned up in the presence of 

cesium; but it apparently became contaminated again after operat ion in 

vacuum, as indicated by the lower values obtained on Cell H after 5 hr at 
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1600 -

CELL H 
® CORRECTED PYROMETER 

(BOTTOM SISHT HOLE) 

A THERMOCOUPLE NO. I 

O THERMOCOUPLE NO. 2 

THERMOCOUPLE NO. f 

1. X 
1400 1600 1800 2000 E200 

CORRECTED PYROMETER READING 
(TOP SIGHT HOLE) 

2400 2600 

Fig. 3 5 - - P o s t - t e s t thermiocouple cal ibrat ion for Cells H and K 
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O AFTER LIFE TEST 
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X X X _L 
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CORRECTED EMITTER TEMPERATURE C°K) 

2200 2400 

Fig. 36- -Compar i son of p r e - t e s t and pos t - t es t vacuum-emiss ion cu r ren t 
of Cell F as a function of emi t te r t empe ra tu r e 
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6.0 

4.0 

S.O 

1.0 

0.8 

0.6 

i 0.4 
o. 

§ 

0.2 

0.1 

0.08 

0.06 

0.04 

0.02 

0.01 

CELL H-PYROMETER 

PRE-LIFE TEST 

® POST-LIFE TEST 

A AFTER 5 HR AT 
ELEVATED TEMPERATURES 

CELL K-PYROMETER 

P PRE-LIFE TEST 

M POST-LIFE TEST 

1200 1400 1600 1800 2000 2200 

CORRECTED EMITTER TEMPERATURE Î K) 

2400 

Fig. 37 - -Compar i son of p r e - t e s t and pos t - tes t vacuum-emiss ion cur ren t 
of Cells H and K as a function of emiitter t empe ra tu r e 
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elevated t empera tu re . In spite of the substant ial evaporation of uranium 

from the emi t te r (to be d iscussed la ter in this section), the emiss ion cur ren t 

had not decreased but instead increased after hundreds of hours of operation. 

The theory that carbide emi t t e r s act as d i spenser - type cathodes requir ing 

only a monolayer of uran ium on the surface is supported by this data. Using 

the equation 
•2, 08 T 2 log T - log I ' 

s 
5042 

where ^ is the effective work function, I is the vacuum-emiss ion current , and 

T is the emi t t e r t empera ture , the effective work function for Cell F increased 

from 3. 1 volts at 1600 K to 3. 6 volts at 2200 K before the life test , whereas 

it increased from 2, 9 volts at 1580 K to 3, 35 volts at 2075 K after the tes t . 

The highest effective work function (3. 8 volts) was observed in Cell Ha t 2200 K, 

ANALYSIS OF EMITTERS 

Chemical Analysis 

Por t ions of the carbide overlay of the emi t t e r s were broken off and 

subjected to a chemical analysis to determine the pos t -opera t ion emi t te r 

composition. In Table 7, the pos t - tes t composition is compared with a 

p r e - t e s t analysis of the powder used to make the e m i t t e r s . 

A severe depletion of uranium was observed in al l emi t t e r s , especial ly 

in Cells G and J, which had operated for 1700 and 1400 hr, respect ively . 

Only Cell H had a comparat ively large concentrat ion of uranium left after 

the test, and it had decreased 25% from its or iginal value. In all the cel ls , 

the carbon content changed relat ively l i t t le, remaining close to its original 

value of 10%, With the exception of Cell J, the tantalum content inc reased 

from an undetectable level to about 2%. In Cell J, 39% tantalum was found. 

Since this emi t te r was very porous and had eroded more than any of the 

o thers , the sample may have included ma te r i a l much c loser to the tantalum 

subs t ra te than the other samples . It is apparent from the resu l t s for the 

two samples taken from Cell F that composition va r i e s considerably with the 

origin of the sample. The top of the emi t te r was considerably cooler (~100 ) 

than the s ides; consequently, l e ss uranium evaporated. 
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Table 7 

CHEMICAL ANALYSIS OF EMITTERS 
(In weight-percent) 

Cell U Z r C Ta W 

ORIGINAL COMPOSITION 

E 

H 

19. 67 

20, 37-20,40 

67. 02 

68 .50-68. 81 

10. 2 

10. 32-10. 50 „ „ „ „ 

4. 16 

1 

POST-OPERATION COMPOSITION 

E 

F 
Side 
Top 

G 

H 

J 

8 . 5 

5. 32 
13.6 

0. 1 

15 

2.46 

77. 1 

80.63 
72,5 

76, 7-77, 8 

70 

48-47, 5 

9. 06 

7.86 
8, 16 

10. 3 

11, 8 

7 . 6 

0, 6 

2. 5 
3. 8 

10^ 

2 

39 

3. 8 

1, 2 
1. 7 

--_., 

Es t imated value. 

Diffract ion-pat tern Study 

An e lec t ron diffraction analysis of Ceil E indicated a s trong ZrO 

pat tern and a weaker UO pattern, without any indication of a carbide. The 

presence of the oxides is hard to explain, but the possibi l i ty that oxidation 

occur red followinglibhei-JLifeAstesfcjsisoia, sta^ong One. X- r ay diffraction, 

which penet ra tes the surface more deeply than e lec t ron diffraction, showed 

a strong pat tern of 10 mol-% UC—90 mol-% Z r C (determined from la t t i ce -

p a r a m e t e r measu remen t s ) , with only slight t r a c e s of UO„ and ZrO_. 

X- r ay diffraction studies were also made of the top of the emi t te r of 

Cell F. The s t rongest pat tern was obtained for tungsten, that of Z rC being 

weaker . Although the original powder used to make the emi t t e r contained 

some tungsten, it is believed that tungsten from the filament of the e lect ron 

gun deposited on the tantalum and then diffused through it. The lack of a 

pat tern corresponding to UC-ZrC indicated a severe depletion of UC at the 

emi t t e r surface . No UO_ or ZrO„ pat tern was observed. 
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Visual Inspection of Emi t t e r s 

Visual inspection of the e ini t ters was always very revealing. While 

the emi t te r from Cell H appeared in good condition with li t t le sign of 

deter iorat ion, the emi t te r from Cell J was heavily eroded along the cylindrical 

surface, with the top being in slightly bet ter condition (Fig. 38), The 

emi t t e r s froin Cells F and K had a number of large c racks but otherwise 

exhibited little signs of having operated for hundreds of hours at very high 

t empera tu re s (Fig, 39), These c racks were ve r t i ca l in Cell K, but were 

t r a n s v e r s e in Cell F . The emi t te r from Cell G had a number of la rge a r e a s 

which showed no apparent resu l t of operating for 1700 hr in excess of 2000 K, 

and other a r e a s which exhibited deep e ros ions , cavi t ies , and low a carbide 

density (Fig, 40). These low-density a r e a s protruded beyond the or iginal 

dimensions of the emi t te r , causing it to be firmly lodged in the col lector . 

The lat ter had to be cut apar t to extract the emi t te r . 

The diameter of the emi t t e r s was measu red at var ious elevations, 

in even increments s tar t ing at the top and going toward the s tem, to 

determine dimensional changes. The resu l t s a r e given in Table 8, 

Metal lurgical Analysis of Emi t t e r s 

Longitudinal sections of the emi t te r were examined under la rge 

magnification to determine meta l lu rg ica l reac t ions . In most cases , the 

top se r ra t ions of the tantalum slug had mel ted away. In some cases this 

had also occur red to some of the se r ra t ions on the sides (Fig. 41). Since 

the outside of the emi t te r and the filament cavity had sharp, s t ra ight edges, 

it is reasoned that the se r ra t ions had not mel ted during cell operat ion but 

during ho t -press ing , which preceded the final machining on the inside and 

outside surfaces . 

A s e r i e s of photomicrographs was taken of s eve ra l of the emi t t e r s . 

F igures 42 and43 show represen ta t ive samples of sections of the e m i t t e r s . 

A react ion between the carbide and subs t ra te had occur red . This same 

basic phenomenon was seen in al l cases , only the extent of the react ion 
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op edge broke off 
when emi t t e r was 
forcibly removed 
from collector 
cavity 

F ig . 38- -Cel l J emi t te r (after 1427 hr of 
operation) 
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Fig. 39- -Ce l l K after 700 hr of operat ion with col lector removed; 
note c racks in emi t te r , and t i tanium get ter below it 
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"Note sharp edge on top 
of emi t t e r 

•Note heavily eroded a r e a 
and low-density m a t e r i a l 

"Note c lear a r e a s 
showing no effects of 
operat ion at elevated 
t empera tu re 

Fig,, 40-rCell G emitter", after :i 753 hr/of :ope'ratio.n 
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Smooth top 

Melted s e r r a t i ons 

Carbide overlay-

Tantalum subs t ra te 

F i l ament cavity-

See belo-w 

F ig . 41--Section of Cell G emi t t e r 

Void a r e a 

Tantalum s e r r a t i o n 
-with carbide 
diffused through it 

Carbide over lay 
•with tantalum 
diffused through it 

F ig . 42- -Photomicrograph of Cell G emi t t e r 
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Tantalum subs t ra te 

antalum s e r r a t i o n 

UC-ZrC overlay 

Low-densi ty regions 

"Taiitalura s e r r a t i o a 
M 1503-l-l""' • •*^ '"^^^"^"* '** ' '^*^*""™™« 

(a) Enlarged section of emit ter showing tantalum subs t ra te and carbide 

-—""Serra t ion 

"Low^-density a r ea 

"C lea r " a r e a s at interface 
;en tantalum and UC-ZrC 

serrat ion 

M 1503-1-2 (200X) 

(b) Enlarged view of section between two se r r a t ions 

Fig. 43 - -En la rged view of section of emi t te r 
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var ied slightly fromi emi t te r to emi t t e r and at different locations on the 

emi t t e r . 

Table 8 

EMITTER DIAMETERS AFTER LIFE TEST 
(In inches) 

Diameter 

Original 

P o s t - t e s t 

A 

B 

C 

D 

E 

Max. change 

Avg, change 

Cell 
F 

0. 647 

0. 651 

0. 645 

0. 637 

0. 639 

0, 645 

-0 . 010 

-0 . 004 

Cell 
G 

0. 677 

0. 676 

0. 679 

0. 693 

0. 687 

0. 673 

+0. 016 

+0. 005 

Cell 
H 

0. 675 

0. 665 

0. 665 

0. 661 

0. 656 

0. 675 

-0. 019 

-0. Oil 

Cell 
J 

0. 675 

0. 667 

0. 658 

0. 652 

0. 652 

0, 682 

-0. 023 

-0 . 013 

Cell 
K 

0. 709 ±0. 0003 

0. 704 

0.699 

0. 698 

0. 697 

0. 704 

-0. 012 

-0. 009 

The most apparent features observed from the photomicrographs were : 

1. A strong tantaluaxi-carbon interact ion. The TaC formation was 

par t i cu la r ly heavy in the s e r r a t i ons , and in some cases extended through 

the ent i re tantalum subs t ra te . Some tantalum also diffused into the carbide , 

which was apparent from the chemical analys is p resen ted above. The for­

mation of TaC re l eased free uranium, which in turn m.igrated to the emi t t e r 

surface and evaporated. 

2. A ve ry low-density s t ruc tu re existed in the region between the 

tantalum se r r a t ions and in thei r immedia te vicinity (Fig, 43). Studies of 

photomicrographs of e m i t t e r s not subjected to extended the rma l t r ea tmen t 

did not reveal such low-densi ty s t r u c t u r e s . If not al l of the components 

of the carbide reac ted uniformly with the tantalum as postulated above, a 

skeleton s t ruc tu re com.posed mainly of the l e s s - r e a c t i v e components m.ust 

have been left behind. 

3. In many cases , a nar row, "c l ea r " - appea r ing region was noted 

at the interface between the carbide and the tantalum. 
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To verify the select ive interact ion with tantalum and to analyze the 

" c l e a r " a r e a s , a microprobe examination was conducted. The resu l t s 

were as follows (see Fig. 43): 

1. The " c l ea r " a r e a s in the tantalum se r ra t ions immediate ly adjacent 

to the carbide were tantalumi-uraniuna solid solutions containing about 

3 wt-% uranium. 

2. Neither uranium nor z i rconium penetrated into the tantalum beyond 

these " c l ea r " a r e a s , 

3. The uranium content in the carbide was non-uniform, the m.aximum 

value being 15 wt-% and the average value being 3 to 4 wt-%, 

4. Tantalum penetrated fairly uniformly throughout the carbide at 

a level of about 6 wt-%. 

5. A very fine d ispers ion of smal l par t ic les observed in the carbide 

was p r imar i ly tungsten, or possibly WC. 

ANALYSIS OF COLLECTORS 

Visual and Metal lurgical Analysis 

A dark, somet imes pitch-black, deposit was found unevenly dis t r ibuted 

in the collector cavity. The deposit was br i t t le and portions of it could be 

broken loose. However, some of it had also entered into an extensive 

meta l lu rg ica l react ion with the nickel subs t ra te , par t icu la r ly in the case 

of Cell G. The resul tant alloy was ex t remely hard and was difficult to 

machine off even with a carbide tool. Microhardness naeasurements indicated 

hardness values cha rac t e r i s t i c of carbides or in te rmeta l l i c s . The me ta l l u r ­

gical react ion of the deposit with the nickel subs t ra te is a t t r ibuted to the 

high collector t empera tu re , which at t imes reached 1250 K, The fact that 

the emi t t e r s from both Cell G and Cell J could not be ext rac ted frora the 

collector cavit ies pointed to a dimensional change of e i ther one or both 

e lec t rodes . 

The dimensional changes recorded in some of the col lec tors a r e given 

in Table 9. Diamete r s A throughE were m e a s u r e d at five different depths 
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(in even increments ) in the collector cavity, s tar t ing with the bottom of 

the cavity. 

Table 9 

COLLECTOR DIAMETER 
(In inches) 

Diameter 

Original 

P o s t - t e s t 

A 

B 

C 

D 

E 

Cell 
H 

0. 698 

0. 690 

0. 689 

0, 687 

0, 692 

0, 686 

Cell 
J 

0. 700 

0. 678 

0, 674 

0. 679 

0. 679 

0. 702 

Cell 
K 

0. 735 

0. 740 

0. 733 

0. 722 

0. 723 

0. 730 

F r o m Table 9 it is apparent that the l a rges t dec rea se in d iamete r 

occur red at the middle section of the collector cavity, which faces the 

highest t empera tu re region of the emi t te r . In this section, where the 

highest evaporation ra te of UC-ZrC was expected to occur, a reduction 

in d iameter of 0, 012 in. was measured . This was equivalent to the in te r ­

e lec t rode spacing of Cells G through K. In the upper and lower sect ions, 

a change of only 0. 002 to 0. 005 in. was recorded . Since the emi t t e r s 

experienced a reduction in d iameter in the same regions, no in te re lec t rode 

shorting was experienced in two cel ls . In Cell H, a sudden shor t occu r red 

at 700 hr which was at t r ibuted to a loss of al ignment of collector and 

emi t te r ; and in Cell G, the in te re lec t rode gap had dec reased to the point 

where contact was made. 

F igure 44 is a section of the collector of Cell G, showing the heavy 

and very uneven deposit in the collector cavity. The width of this react ion 

zone, which was measu red from the new boundary of the nickel subs t ra te 
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Collector 
cavity- Nickel 

F ig . 44- -Cel l G col lector with deposit 
(5 0 x) 
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to the extreine surface of the deposit, was 0. 020 in. The original nickel 

surface was somewhere in this react ion zone. A l a r g e r magnification of 

a section of the collector cavity of Cell E is shown in Fig, 45. In this case , 

the react ion was much inore uniform, and two zones could be distinguished 

lying on the near ly undisturbed nickel subs t ra te . The outermiost condensate 

had a d iamond-pyramid-hardness value of 483, while the second layer had 

a value of 340. 

Chemical Analysis 

To conduct a chemical analysis of the deposit in the collector, the 

loose portions were removed f i rs t and the r ema inde r was ei ther leached 

out with a combination of HCl, HF, and HNO or was machined out and 

then dissolved. The nickel content revealed by the analysis was not recorded 

because it was only a function of leaching t ime or machining depth. A 

summary of the resu l t s obtained is present in Table 10. 

The amount of uranium deposited is quite l a rge in view of the original 

uranium concentrat ion in the emi t te r . Very l i t t le carbon was deposited. 

The maximum total deposit collected was 0. 952 g (Cell G). Assuming a 
2 3 

12-cm a r ea and a density of 10 g / c m for the emi t t e r ma te r i a l , a loss 

from the surface of 0. 008 cm (0. 003 in. ) was computed for a total of 1700 hr . 

This loss was averaged over the en t i re emitting a rea , while in actuality, 

owing to uneven heating, a much l a r g e r loss was observed in the center 

portion of the emi t te r . 

By normalizing the amount of deposit by dividing it by the nuinber of 

hours of operation, a reasonably good agreement is obtained for the five 

cells analyzed. All figures except that for Cell F a r e of the sanae order of 

magnitude, and even the deposit for Cell F is only twice as l a rge as the 
-4 

average value of 5 x 10 g /hr . 

CELL INSULATOR 

Metal lographical studies of var ious sect ions of the insulator were 

conducted. The ce ramic as well as the brazed section were examined for 
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Fig. 45- - In te r io r surface of collector 
(Cell E) 



Table 10 

CHEMICAL ANALYSIS OF DEPOSIT IN COLLECTOR 

Cell 

E 

F 

G 

H 

J 

Hours of 
Operation 

1034 

600 

1750 

700 

1430 

Amount 

Total 
G r a m s 

0. 1254 

0. 754 

0.952 

0.40 

0. 304 

of Res idue -

G r a m s /Hour 

1.215x10"^ 

12.5x10"^ 

5.44x10"^ 

5.72x10"^ 

2. 13x10""^ 

Composition (%) 

U 

94. 1 

41 . 2 

55. 5 

80. 5 

45. 5 

Top Layer 

Z r 

3. 19 

55.9 

41 

17 

50, 6 

C 

1. 44 

2 . 9 

1. 8 

2. 2 

T a 

(b) 

___ 

1. 7 

2. 5 

1. 7 

Bottom Layer 

U 

90.2 

Z r 

9 . 8 

C T a 
Method 

of Analysis 

Wet chemis t ry 

Wet chemis t ry 

Spectroscopy 

Spectroscopy 

Spectroscopy 

"Ignoring all nickel. 
—1. 44 wt-% iron. 

« # 
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cor ros ion effects from the cesium. There was no evidence of a t tack on any 

of the insulator raa te r ia l s for the 1000~hr operation. Since the insulator 

was maintained 50 to 150 K higher than the ces ium well, it was not expected 

that sufficient ces ium would deposit on the insulator to constitute a ser ious 

attack. 



VII. FISSION P R O D U C T S 

In the a b s e n c e of da ta on the effect of v a r i o u s f i s s i on p r o d u c t s on c e l l 

p e r f o r m a n c e , an a n a l y s i s of the fate of the f i s s i on p r o d u c t s in a t h e r m i o n i c -

ce l l e n v i r o n m e n t w a s p e r f o r m e d p u r e l y f r o m a c h e m i c a l s t andpo in t . It 

w a s a s s u m e d tha t 
o 

1. B a r e U C - Z r C e m i t t e r s o p e r a t e d a t 1900 C. 

2. C o l l e c t o r s o p e r a t e d a t 900 C. 

3. C e s i u m p r e s s u r e w a s 10 m m ' H g at a r e s e r v o i r t e m p e r a t u r e of 370 C. 
3 

4. A 1 5 - c m void v o l u m e e x i s t e d in the ce l l . 

The f i s s i o n - p r o d u c t e l e m e n t s m o s t l i k e l y to r e m a i n in the ca thode 

a r e z i r c o n i u m , m o l y b d e n u m , t e c h n e t i u m , r u t h e n i u m , and r h o d i u m . Y t t r i u m 

and the l e s s v o l a t i l e r a r e - e a r t h e l e m e n t s ( l a n t h a n u m , c e r i u m , p r a s e o d y m i u m 

n e o d y m i u m , and g a d o l i n i u m ) , even though they t end to f o r m s t a b l e c a r b i d e s , 

w i l l be s o m e w h a t vo l a t i l e a t 1900 C, whi le s a m a r i u m and e u r o p i u m wi l l be 

qu i te v o l a t i l e . R e l e a s e of the f i s s i on p r o d u c t s wi l l be d e t e r m i n e d by t h e i r 

r a t e of diffusion f r o m the U C - Z r C m a t r i x in w h i c h they a r e b o r n , a s w e l l 

a s by t h e i r vo l a t i l i t y ; but diffusion a t 1900 C wi l l p r o b a b l y be too fas t to 

ho ld down r e l e a s e of f i s s i o n p r o d u c t s o v e r p e r i o d s of h u n d r e d s to t h o u s a n d s 

of h o u r s . 

The n o b l e - g a s f i s s i o n p r o d u c t s of k r y p t o n and xenon wi l l not affect 

the c o n v e r t e r a s long a s the t h e r m i o n i c - c o n v e r t e r c e l l s a r e v e n t e d to 

p r e v e n t undue p r e s s u r e bu i ldup . 

The e l e c t r o n e g a t i v e f i s s i o n p r o d u c t s s e l e n i u m , b r o m i n e , t e l l u r i u m , 

and iod ine w i l l t end to c o m b i n e wi th c e s i u m and t h e r e b y have t h e i r e f fec ts 

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

i m p o r t a n t b e c a u s e of i t s h i g h e r f i s s i on y ie ld ; but it w i l l t end to f o r m c e s i u m 

iod ide ( the m o s t s t a b l e iod ide known f r o m the s t andpo in t of h e a t of f o r m a t i o n 

p e r iod ine a t o m ) and c o n d e n s e in the c e s i u m r e s e r v o i r . At a r e s e r v o i r 

94 
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t empera tu re of 370 C, the vapor p r e s s u r e of cesium iodide is es t imated 
-8 

to be 2 X 10 a tm. In the p resence of cesium, the vapor p r e s s u r e of 

selenium and te l lur ium will be sti l l lower. The electronegat ive fission 

products will also show a tendency to combine with a lka l ine-ear th and r a r e -

ear th f iss ion-product elements and accumulate in the ces ium r e s e r v o i r as 

sal ts of these e lements . 

There is a great excess of e lectroposi t ive elements formed in fission. 

As is indicated in Table 11,the yield of ces ium itself is high (18% of fission) 

and that of rubidium is lower (3. 5%). The relat ively volatile a lkal ine-ear th 

e lements s t ront ium and bar ium a r e yielded in substantial amounts (9. 4% and 

5. 7%, respect ively) . The r a r e - e a r t h eleinents a r e formed to an even 

g rea t e r extent, the yields of y t t r ium, lanthanum, cer ium, praseodymium, 

neodymium, promethiuTni, and s a m a r i u m adding up to 54. 9%. 

If a conver ter cell runs for the o rde r of 10, 000 hr and a volatile 

fission product is not subject to condensation or dissolution in the ces ium 

of the r e s e r v o i r , enough products a r e formed to inc rease the p r e s s u r e up 

to 1 a tm at 900 C for 1% of fission yield. Thus, ample quantit ies of the 

elements would be formed to lead to condensation on the anode (at 900 C) 

if it were not for the lower t empe ra tu r e of the ces ium r e s e r v o i r . Actually, 

about half of the fission products , compris ing the m o r e volatile e l e c t r o ­

positive and the electronegat ive elements (the o rde r of 20 mi l l imoles in 
3 

10, 000 hr in a cell with 15 cm of free volume), will tend to condense in 

the cesiunn r e s e r v o i r . However, they will also tend, to an undetermined 

degree , to contaminate (sorb on) the anode and to be presen t in the vapor 

or p lasma phase . 
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Table 1 I 

PERCENTAGE YIELD OF VARIOUS ELEMENTS 

AS FISSION PRODUCTS 

Element 

Ge 

As 

Se 

Br 

Kr 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Xe 

Cs 

Ba 

La 

Ce 

P r 

Nd 

P m 

Sra 

Eu 

Gd 

Tb 

Dy 

Fiss ion Yield 
of Element 

SY (%) 

0 

0 

0 

0 

3 

3 

9 

4 

31 

0 

24 

6 

11 

3 

1 

0 

0. 

0 . 

0 . 

0 

z. 
1. 

2 2 . 

18 . 

5 . 

6 . 

12 . 

6 . 

2 1 . 

2 . 

1. 

0 . 

0 . 

0 . 

0 . 

00232 

0008 

485 

14 

86 

5 

4 

8 

0 

5 

1 

3 

0 

17 

03 

097 

O i l 

095 

058 

42 

03 

3 

0 

7 

2 

4 

0 

2 

4 

92 

183 

015 

0011 

00005 

b.p. CK) 
of Element 

3, 100 

866 

958 

331.4 

119.75 

974 

1,640 

(3.500) 

4,650 

5,200 

5, 100 

4,900 

(4,000) 

(4,000) 

3,400 

2,450 

1,038 

2 ,320 

2 ,960 

1,910 

1,260 

456 

165.04 

958 

1,910 

3,640 

3 ,200 

3 ,290 

3 ,360 

(3 ,000) 

0 , 8 6 0 ) 

(1 ,700) 

(3 ,000) 

(2 ,800) 

2 ,600 
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