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I , INTRODUCTION AND SUMMARY 

This r epo r t summar i ze s the r e s e a r c h and development work conducted 
by Genera l Atomic under AEC contract AT(04-3)-i67j, P r o j e c t Agreement 
14, during the per iod of May 1, 1962 through Apri l 30, 1963. The objective 
of this p r o g r a m has been to develop and tes t a f iss ion-heated thermionic 
cell of a design which closely cor responds to a fuel e lement unit cell 
component of a thermionic power reac to r for space appl icat ions. During 
this repor t ing per iod , th ree therinionic cellsj, two with tungsten-clad fuel-
emi t t e r s and one of the unclad type, were tes ted in the TRIGA Mark F 
r e a c t o r . Concurrent ly with the p r o g r a m of cel l developments a p r o g r a m 
of t e s t s on the emi t te r - fue l combination was conducted to de te rmine i t s 
l i fe-performance c h a r a c t e r i s t i c s . F u e l - e m i t t e r proof tes t s on the tungsten-
clad sys tems demonst ra ted operabil i ty for 1000 h o u r s . 

Studies of the thermionic space power application singled out two 
p a r a m e t e r s which have a dominant effect on the weight -performance 
cha rac t e r i s t i c s of the sys t em. One p a r a m e t e r i s the output power densi ty, 
that i s , the e l ec t r i ca l power produced per unit emi t t e r surface a r e a . The 
other is the t empera tu re o£ heat re jec t ion . Design objectives selected for 
the power density and the heat re ject ion t empera tu re de termined the choice 
of m a t e r i a l s and the configuration of the in-j>ile t e s t ce l l . A power density 
objective of 5 to 10 e l ec t r i ca l watts per cm of emi t t e r surface a r e a p laces 
the emi t te r surface t empera tu re at approximately 1750°C, This t e m p e r a ­
ture condition r e s t r i c t s the selection of fuel m a t e r i a l s to u ran ium dioxide 
or u ran ium carb ide . Tungsten i s the only known cladding m a t e r i a l compat­
ible with these fuels and capable of long operat ion at t e m p e r a t u r e s above 
1750°C. The chemical and physical p rope r t i e s of the W-UO and W-UC 
fuel -emit ter a r e consis tent with operat ional l i fet imes considerably in 
excess of one year at surface t e m p e r a t u r e s above 1750°'C, although proven 
operation of the fue l -emi t te r i s l imited to 1000 hou r s . The p rope r t i e s of 
the bas ic m a t e r i a l s provide lit t le guidance in choosing between the UO_ and 
UC fuels . I t now appears that the select ion depends p r i m a r i l y on the 
behavior of the fuel m a t e r i a l s during fuel burn-up and f iss ion-product 
bui ld-up. On the bas i s of the l imited available informations the need for 
venting fission products out of the fuel, to avoid excess ive fuel swelling, 
appears obvious. Venting of the fission products impl ies the loss of fuel 
in some propor t ionate m e a s u r e , even for the clad fuel configuration. F o r 
this r eason the UC fuel, which has a much lower vaporizat ion ra te than the 
UO fuel, i s p resen t ly p r e f e r r e d and is used in the in-pi le t e s t cel l . The 
use of an oxide fuel will depend on the stabili ty of the W - U O T c e r m e t s 
which will be de termined from m a t e r i a l i r rad ia t ion t e s t s now under way. 
The r e s e a r c h and development p r o g r a m to date has seen an a lmos t complete 
t rans i t ion of emphas is f rom the m e a s u r e m e n t of physical and chemical 

1 



proper t i e s of the fuels, which a r e now establ ished, to the init ial inves t iga­
tion of the effects of radiat ion. These la t ter effects will dominate the 
further selection of fuels for the thermiionic r eac to r application during the 
second p r o g r a m y e a r . 

One marked advance in h igh- tempera tu re fuel technology during this 
p r o g r a m year has been in the a r ea of tungsten fabricat ion. The select ion 
of tungsten as a physical ly- and chemical ly-compat ible cladding for t h e r m ­
ionic fuel e lements left unsolved the difficulty of fabricating al l but the 
mos t simple tungsten f o r m s . In a pa ra l l e l p r o g r a m the p r o c e s s of vapor -
plating, or vapor deposition, of tungsten was extensively invest igated, 
par t i cu la r ly in r ega rd to the d i rec t vapor plating of tungsten on u ran ium-
bearing fuels , Bas ic information and fabricat ion techniques did not become 
available in t ime to apply the new p r o c e s s to the production of the tes t cell 
f ue l - emi t t e r s . The tungsten cladding utilized in the two clad tes t cells was 
machined from a tungsten-molybdenum alloy. However, the techniques of 
vapor deposition had advanced sufficiently before the end of the per iod to 
p e r m i t the introduction of this means of fabrication in the construct ion of 
new in-pi le and out-of-pile ce l l s . This advance in fabrication technology 
should have a considerable effect on the uti l ization of tungsten in high-
t empera tu re r eac to r s y s t e m s . 

A pr inc ipa l r e s e a r c h emphas is has been placed on the u ran ium-
bearing fue l -emi t te r , since the per formance of the m a t e r i a l s in this 
component will de termine the ul t imate l i fe-performance cha rac t e r i s t i c s of 
the thermionic r eac to r sys t em. The selection of a high heat reject ion 
t empera tu re (up to 1000°C) for thermionic space power sys t ems i s 
undoubtedly the second major factor affecting tes t cel l life. Three i m p o r ­
tant factors lead to the selection of a t empera tu re range for heat re ject ion 
of 700 C to 1000*^C, F i r s t , the col lector can be operated in this range 
without a substant ial reduction of genera tor output. Second, the reject ion 
of heat by radiat ion in space power sys tems pe rmi t s a very low sys tem 
weight in this t empera tu re r ange . Thi rd , the development of l iquid-meta l 
coolant-loop technology by the AEC has lifted the operating t empera tu re 
l imit , for the l i thium-niobium sys tem, to 1000°C. At the same t ime , the 
selection of this t empera tu re range places thermionic genera tor technology 
well above the l imits of cu r ren t power- tube technology. Power- tube 
envelopes and insu la tors mus t be operated at much lower t e m p e r a t u r e s 
(< 200 C) for long-life operat ion. F o r this r eason , miuch of the develop­
ment p r o g r a m in the f i r s t year centered on advanced technology. The bas ic 
components selected for the envelope- insulator sys tem a r e niobium and 
alumina. The development of the envelope- insulator r equ i r e s continuing 
emphas i s , since cur rent ly the terminat ion of a thermionic in-pi le t es t i s 
at tr ibutable mos t often to a p rob lem associa ted with the envelope ra the r 
than with the fue l -emi t t e r . 
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A considerable effort was applied to the testing of out-of-pile cells 
of a design identical to that of the in-pile cel l , except for the mode of 
heat ing. The pr incipal objective of the out-of-pile test ing p rogram was 
to confirm mechanica l and the rma l design pr inc ip les . The unpredictable 
element was the integri ty of the mechanical design of a completely new 
cel l . Of par t icu la r significance was the means of maintaining an in te r -
e lec t rode spacing of 10 mi ls under conditions of ex t reme t e m p e r a t u t e 
gradients (20OC to 2000°C) and cycling. The design principle adopted was 
that of providing a high prec is ion alignment between a canti levered fuel-
emi t te r and the surrounding col lector . Machined surfaces were p repa red , 
t es ted , and lapped to yield the required al ignment . Com.ponents were 
precycled sufficiently to expose al l possible in terna l s t r e s s e s that could 
lead to dimensional changes during operat ion. The record of operat ion 
of the out-of-pile and subsequent in-pile cel ls with 10-mil spacing and 
without in t e r -e l ec t rode short ing, under conditions of extensive cycling, 
provides an excellent exper imenta l tes t of the design concept. This tes t 
s e r i e s indicates that the requi rement of close spacing of e lec t rodes in 
thermionic r eac to r s can be adequately sat isf ied. 

The select ion and developmient of the fue l -emi t t e r , the design and 
development of the cel l components and assembly , and the testing of out-
of-pile and in-pi le ce l l s , a r e descr ibed in detai l in this r e p o r t . Design and 
component development occupied approximately 10 months of the 12-month 
p r o g r a m , while the ini t ial in tegra l t e s t s of the ce l l s were per formed in the 
remaining 2 m^onths. Operation of the clad-type tes t cel ls at design, power 
density and at design t empera tu re was achieved for shor t operating p e r i o d s . 
Operat ion of the unclad in-pi le cel l yielded unsat is factory pe r fo rmance . 

On the bas i s of these t r i a l s , it is concluded that the clad type fuel-
emi t te r design and the nnaterials selected will be retained for the planned 
long-durat ion (1000 hours) in-pile t e s t s . 

The immedia te goals for the second year of the p r o g r a m follow 
direct ly from the p r o g r e s s made during the f i r s t yea r ; namely the testing 
of a s e r i e s of in-pi le thermionic cel ls for 100 to 1000 hour per iods to 
obtain s ta t i s t ica l operat ional data . While p rob lems of cell technology 
remain , they will be t rea ted in a p r o g r a m of sys temat ic upgrading. 
Consequently the p r o g r a m direct ion can be shifted away from a p r i m a r y 
ennphasis on cell development to a p r i m a r y emphas is on cell tes t ing. 
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II. TEST CELL DESIGN 

2.1 DESIGN PRINCIPLES FOR IN-PILE TEST CELL 

The following design pr inciples were adopted at the beginning of 
this p r o g r a m to provide guidance in the development of a sa t is factory 
cell for in-pile tes t ing: 

1. The tes t cel l should r ep resen t a unit of a thermionic r eac to r 
fuel e lement from the standpoint of m a t e r i a l s employed and 
component geomet ry . 

2. Ins t rumentat ion should provide for accura te measu remen t of 
ces ium t empera tu re (±5°C), collector t e m p e r a t u r e (±25°C), 
the t empe ra tu r e of the emi t t e r surface (±50*^C), and the t e m p e r a ­
tu re dis t r ibut ion over the enaitter su r face . It should a lso p r o ­
vide for independent control of each of these t e m p e r a t u r e s over 
a broad range . 

3 . Tes t cell packaging should provide containment for shor t t e r m 
(<100 hrs) in-pi le expe r imen t s . 

4 . Design checks of the in-pi le t es t cell should be provided through 
the out-of-pile operat ion of fully ins t rumenta l cells s imi la r in 
geometry and ma te r i a l s to the in-pi le cel l . 

2.2 SELECTION OF MATERIALS 

Two types of fue l -emi t te r s were employed in the t e s t s ca r r i ed out 
during this report ing period; that i s , (1) unclad uran ium carbide fuel-
emi t t e r s and, (2) fue l -emi t te r s consisting of fuel clad with tungsten. 

2 . 2 . 1 Unclad F u e l - E m i t t e r s 

The vaporizat ion cha rac t e r i s t i c s of the UC-ZrC sys tem in vacuum 
have been studied, by means of the Langinuir technique, at both the low-
UC and the high-UC content using samples of be t te r than 93 percent of 
theore t ica l densi ty . The observed resu l t s a r e summar ized in F ig . 1. New 
samples always exhibit high,rates of vaporizat ion, p resumably because ofthe 
p resence of large amounts of gaseous impur i t i e s . Consistent r e su l t s a r e 
obtained only after long per iods of outgassing at vaporizat ion t e m p e r a t u r e s . 
Resul ts obtained by alpha counting indicate that, for the t empe ra tu r e ranges 
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shown in F ig . 1, the uranium depletion near the surface regions is neg­
ligible for samples with low~UC content and amounts to less than 10 p e r ­
cent for the high-UC samples ; however, the depletion at the top surface 
layer is undoubtedly higher than th i s . Electron microprobe analysis after 
vaporization shows that the uranium concentrat ion at a distance of one 
micron from the surface of a 19 UC-81 ZrC (mol %) sample is only 60 per 
cent of the value in the bulk. The latest information on ra tes of vapor iza­
tion of Uc -ZrC samples of var ious combinations and pore s t ruc ture is 
shown in F ig , A-3 of the Appendix, 

It has now been establ ished that UC-ZrC is a di spenser - type emit ter 
and that the emiss ion is assoc ia ted with the p resence of a layer of uraniutn 
adsorbed on the surface . If the sample is thoroughly outgassed and ca re 
taken to prevent the contamination of i ts surface, both the 10 UC~90 ZrC 
and the 30 UG-70 ZrC samples emit as well as the 90 UC-lO ZrC samples , 
and emiss ion of 5 a m p / c m ^ can be obtained from all of these samples at 
about 1950°K to ZOOOOK. However, the low-UC samples , especial ly the 
10 UC-90 Zrc samples , a r e very easi ly poisoned by exposure to a poor 
vacuum ( e . g . 10" mmi Hg), probably because o f the poor ability o f the 
low-UC samples to maintain an adsorbed uranium layer on the surface in 
the p resence of factors which tend to remove such a l ayer . 

On the bas i s of information from vacuum vaporization and vacuum 
emiss ion , it has been shown that the UC-ZrC sys tem, at both the high-UC 
and the low-UC ends, is capable of providing 5 amp/cm'^ at t e m p e r a t u r e s 
where the loss of ma te r i a l s by vaporization amounts to a few nnils or l e s s 
per yea r . On the bas i s of this type of information, unclad fue l -emi t t e r s 
of UC-ZrC were selected as one of the tes t candidates . 

2 . 2 . 2 Clad F u e l - E m i t t e r s 

In the selection of cladding and fuel of a clad fue l -emi t te r , p r i m a r y 
considerat ion was given to the following two requiremients: 

1. There should be no in teract ion between the fuel and the cladding 
(enriitter) which would affect the mechanical integrity and the 
e l ec t ron-emiss ion p roper t i e s of the emi t t e r . 

2. The emi t te r should retain its dimensional stability despite the 
fission products formed in the fuel. 

If an emi t t e r is to achieve useful long life and reproducible per formance , 
these requiremients must be fulfilled by the nnaterials chosen. 

The m a t e r i a l s proposed as the emi t te r a r e the re f rac tory meta l s -
W, Mo, Ta, Nb, and, recent ly, Re and I r . The selection of suitable 
emit ter- fuel combinations from these m a t e r i a l s for the ce l l - tes t ing 
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prog ram is analyzed below, in the light of existing exper imental data. 

Interact ion Between Fuel and Emi t te r Mater ia l s - Diffusion s tudies , 
employing various fue l -emi t te r combinations and using the s tandard 
diffusion-couple method, have been c a r r i e d out in the t e m p e r a t u r e range 
of 1800°C to 2000°C.^^^^^^ The nature of phases formed at the interfaces and 
concentration distribtition of the components of the couples after the dif­
fusion runs were exannined both metal lographical ly and by e lect ron m i c r o -
probe ana lys i s . The re su l t s obtained a r e summar ized in Table A-1 of the 
Appendix. F o r an operat ing t empera tu re of IBOO^C, the suitable candidates 
a r e (1) W-clad UC and UC-ZrC, (2) W-clad UO2. and (3) Mo-clad 10 UG-
10 Z rC . The f i r s t candidate was chosen for the in-pi le t es t s e r i e s on the 
bas i s of th is information. Subsequent information has supported this 
choice. Recently, diffusion runs of 933 hours at 2023°K have been made 
for W ve r sus UC and W ve r sus 90 UC-10 ZrC . No significant interact ion 
was observed in ei ther c a se . 

Dimensional Stability of the Emi t t e r in Neutron Environment - On the 
bas i s of the considerat ion of the diffusion-interaction between emi t te r and 
fuel, the clad sys tems operable at a t empera tu re of 2073°K a re nar rowed 
down to (1) W-clad UC and UC-ZrC , (2) W-clad UO2, and (^) Mo-clad 
10 UC-90 Z r C . There is no long- te rm diffusion data for the Mo-(10 UC-
90 ZrC) sys tem; the sat isfactory operat ion of this sys tem therefore cannot 
be ensured at this moment . F o r the other two s y s t e m s , the choice should be 
based upon the capability of the sys tem to re ta in i ts dinnension in a neutron 
environment . I t i s general ly recognized that both the fuel and the emi t t e r 
m a t e r i a l s a r e mechanical ly softat these high t e m p e r a t u r e s . The fission gases 
formed, if t rapped inside the fuel as bubbles , tend to build up p r e s s u r e . 
This leads to fuel swelling and subsequent deformation of the emi t t e r , 
resul t ing in e lec t r i ca l shorting of the cel l . The proposed solution to this 

difficulty is the use of re la t ively low density fuel containing open pores so 
that the r e l ea se of the f ission gases from the fuel i s facil i tated and the 
swelling of the fuel minimized. The r e l ea sed f ission gases , however, 
would have to be bled from the emi t t e r - can (cladding) to prevent p r e s s u r e 
buildup and thus the rupture of the can. In the p r o c e s s of bleeding the 
fission gases from the emi t t e r - can , the vapor t r anspo r t of the fuel a lso 
o c c u r s . Since UOT has a vaporization ra te about 100 t imes higher than 
UC and 10^ t imes higher than 20 UC-80 ZrC, it would obviously suffer a 
much heavier vaporizat ion loss than UC and UC-ZrC (see F ig . 2). In 
addition, because of the poor t he rma l conductivity of UO^* the fuel c en t e r -
line would be m.uch higher than that in UC or UC-ZrC fuels for the same 
emi t t e r - can t e m p e r a t u r e . This would further enhance the vaporizat ion 
l o s s . 
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It has often been suggested that the vaporization loss of the fuel can 
be reduced if the fuel is d i spersed in a continuous W or Mo ma t r ix a s a 
c e r m e t . The additional advantages a r e the higher thermal and e lec t r ica l 
conductivities o f the ce rme t , which helps to reduce the fuel center l ine 
t empera tu re and also the Joule loss of the e lec t r ica l output. It must be 
pointed out, however, that the use of a ce rme t fuel is more for f ission 
gas retention ra the r than for fission gas r e l ease and thus defeats the 
original purpose of t rying to maintain the emi t te r dimension by re leas ing 
the fission gases from the fuel body. The meta l m a t r i x is fair ly weak at 
these t e m p e r a t u r e s . At ZOTS'̂ K the yield s t rength of W is about 1000 ps i , 
while the yield strength of Mo is l e s s than 300 ps i . The ability of these 
metal m a t r i c e s to withstand the fission gas p r e s s u r e generated in the fuel 
par t ic le without excessively reducing the fuel fraction in the ce rme t 
r ema ins to be proven. 

In cont ras t to UOo, UC stabilized with ZrC or other re f rac tory 
metal carb ides (such as Mo carbide) has low ra te s of vaporization and 
good e lec t r ica l and thernnal conductivi t ies . It has been shown that UC-
ZrC pa r t i c l e s l e s s than 40 micron in size, readily re lease fission gases 
at about ZIOO^K. Fabr ica t ion techniques for the production of UC-ZrC 
bodies of controlled pore s t ruc tu re and the r e l ea se of f ission gases from 
such bodies a r e cur ren t ly under investigation at General Atomic. 

A compar i son of the problem a r e a s for clad emi t te r sys tems using 
W and Mo and operat ing at 2073°K is shown in Table 1. 

Not given in Table 1 is the high vapor p r e s s u r e of Mo at high t e m ­
p e r a t u r e s , since it has been shown that the p resence of ces ium vapor can 
reduce the vaporization loss of Mo. The difficulty in fabricating and join­
ing W p a r t s , exper ienced by previous w o r k e r s , is no longer a ser ious 
problem. Recently the fabrication of fueled W e m i t t e r s by cladding the 
fuel with thermochemica l ly -depos i ted W from W halide vapors has proven 
to be an easy and ve r sa t i l e technique. Not only is the clad impermeable 
to helium but a lso the clad emi t t e r i s dimensionally stable after repea ted 
t he rma l cycling. The t h e r m a l bond between the emi t te r and the fuel is 
excellent since the W is formed di rect ly onto the surface of the fuel. 
F u r t h e r m o r e , no appreciable grain growth has been observed after being 
heated at 2073*^K for over 1000 hours in vacuum. The shape of the fuel 
body (flat disc , cylindrical body, doughnut-shaped) which can be clad is 
a lmos t unlimited and the emi t te r s tem can be bonded to the emi t te r by the 
same technique during a one-s tep cladding operat ion. 
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Table 1 

COMPARISON OF PROBLEM AREAS FOR CLAD EMITTER 
SYSTEMS USING W AND MO AT 2073°K 

Emi t t e r 
(cladding) 

Mo 

W 

j 

Fue l 

UC-ZrC 

1. Only 10 UC-
90 ZrC has 
been studied 

2. Long- t e rm 
compatibili ty 
t e s t lacking 

1. Sat isfactory 
on bas i s of 
labora tory 
t e s t s . Long-
t e r m i r r a d i ­
ation p rope r ­
t ies to be 

U 1 

studied. 

1 I 1 

UO2 

1. Work function 
of Mo affected 
by fuel diffusion 

2. Excess ive loss 
of fuel during 
fission gas 
bleeding 

3. Fue l has low 
t h e r m a l and 
e lec t r i ca l con­
ductivit ies 

1. Excess ive loss 
of fuel during 
f ission gas 
bleeding 

2. Fuel has low 
t h e r m a l and 
e lec t r i ca l con­
ductivit ies 

UOp C e r m e t 

1. F i s s ion gas r e l ease 
impeded. Ability 
to re ta in fission 
gases without swell­
ing to be proved 

2. Fuel fraction is 
reduced 

3. Long- t e rm com­
patibili ty t e s t 
lacking 

1. F i s s ion gas r e ­
lease impeded. 
Ability to re ta in 
f ission gases with­
out fuel swelling to 
be proved 

2. Fuel fraction is 
reduced 
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Figure 3 is a photo of the as-deposi ted appearance of UC cyl indrical 
bodies supported on W s tems and clad with W deposited from a mixture 
of WF/ + Hp. F igure 4 shows the appearance of a UC disc clad with vapor-
deposited W in the as-deposi ted state and after polishing. This technique 
el iminates the objection ra i sed against the use of W for thermionic applica­
tions because of its poor fabricabil i ty. Moreover , the vapor-deposi ted W, 
fornned under controlled conditions, may offer the opportunity of obtaining 
an emitting surface of reproducible pe r fo rmance . 

Thus, the above ma te r i a l s considerat ions c lear ly indicate that at 
this t ime the p re fe r red clad emi t te r sys tem is the W-clad UC-ZrC sys tem. 

2 . 2 . 3 Emi t t e r Stem 

In the tes t cell , the emi t te r s tem maintains the emi t t e r -co l l ec to r 
spacing. Since a canti lever design was chosen, the re is a possibi l i ty of 
non-uniform expansion and result ing shortening of e lec t rodes if ca re is 
not taken in choosing the s tem m a t e r i a l s . Tantalum was chosen for the 
stem m a t e r i a l ra ther than niobium because i ts t h e r m a l expansion 
coefficient is c loser to that of tungsten. Also, tantalum is easi ly diffusion-
bonded to tungsten, forming tantalum alloy at the in ter face . 

Although s tems of cast or s intered tungsten or tungsten alloy were 
not chosen because of the br i t t le failure problem, vapor-deposi ted 
tungsten may be a possible candidate for the stem m a t e r i a l since this 
form of tungsten is found to be relatively f ine-grained and duct i le . 

The stem of the unclad UC-ZrC ennitter was composed of a short 
t rans i t ion of normal uranium UC-ZrC joined to a tantalum s t em. Norma l 
uranium carbide is used to dec rease the t empera tu re at the tanta lum-
carbide joint . 

2 . 2 . 4 Collector 

The maxiumum operating t empera tu re of the collector in the Mark VI 
cell is 1000°C. The re f rac tory meta l s a re the only ma te r i a l s suitable 
for use at this t empera tu re because of their s t rength and the matching 
t he rma l expansion of the cerannic e lec t r i ca l insu la tor . Niobium was 
selected for the collector m a t e r i a l for the following r e a s o n s : 

1. Niobium has a t he rma l expansion coefficient that matches the 
coefficients of Al^O. and BeO more closely than that of any 
other pure ref rac tory meta l . This is shown in F ig . 5, where 
the l inear expansion coefficients (as a function of t empera tu re ) 
of ce ramics and var ious meta l s a r e compared. At a t empera tu re 
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F i g . 4--UC disc clad with thermochemical ly deposited 
tungsten 
(a) As-deposi ted 
(b) Appearance of clad surface after 

polishing 
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of 1000°C, the differential expansion is 0.0004 in. per in. 
Since the ce ramic expands into the niobium, an AI2O0-niobium 
insulator interface is in compress ion . The resul t ing tensi le 
s t r e s ^ in the niobium (1-in. d iam. seal) is close to i ts yield 
s t rength of 10, 000 ps i . 

2. Niobium is compatible with cor ros ive l iquid-metal coolants 
such as lithium at high t e m p e r a t u r e s . 

3 . Niobium is relat ively easy and economical to fabr icate ; i . e. , 
it has good machineabil i ty, is easi ly welded, and is b razed 
with high t empera tu re b r a z e s . 

2 . 2 . 5 In tere lec t rode Insulator 

The insulator m a t e r i a l used in the Mark VI tes t cell is h igh-pur i ty , 
high-density AloOo . The m e t a l - t o - c e r a m i c seal is designed to be s t r e s s 
free as far as poss ib le . The choice of niobium with alumina insulation 
was predicated on the fact that both m a t e r i a l s have near ly the same the rma 
expansion coefficients; hence , the t h e r m a l s t r e s s in the sea l is at a 
minimum. 

2.3 TEST CELL COMPONENTS 

The configurations of the Mark VI tes t cell evolved from experience 
with two previously developed cell des igns . The f irst cell design was 
designated as the Mark IV s e r i e s and was developed for in~pile tes t ing . 
The final cell of that s e r i e s is shown in F i g . 6. The second cell design 
was the Mark V*and is shown in Fig.. 7. The Mark V was developed for 
labora tory testing of unclad u ran ium-z i rcon ium carbide fue l -emi t te r s 
with high t empera tu re co l l ec to r s . The technology from both the Mark IV 
and Mark V p rog rams was util ized in the design of the Mark VI tes t 
vehicle which is shown in F ig . 8. The following sections desc r ibe the 
components of this vehic le . 

_ 

Developed under USAF sponsorsh ip . 
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Insulator Emi t t e r 

•Thermocouple Insulator 

Pinch-Off 

"Cs Rese rvo i r 

F i g . 6 - - M a r k I V cell for in-pi le testing 



Emi t t e r 
(85 W-15 Mo) 

Em.itter 
Thermocouple (2) 

Collector 

Hector 
Heater 

Tantalum Stem 

Copper 
Emi t t e r 

Support 

Insulator 
Seal 

F ig . 7 - -Mark V cell design 
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# THERMOCOUPLE LOCATION 

Cu EMITTER BUS 

THERMOCOUPLE 

Note: Not drawn to scale 
HEAT CONDUCTOR 

CESiUM HEATER*2- - \ C« 8RAIS 

INSULATOR 

COLLECTOR-^ HEATER-* EMITTER 

F i g . 8 - -Mark VI test cell for in-pile testing (IC-1) 



2 . 3 . 1 F u e l - E m i t t e r Assembl ie s 

Two bas ic fue l -emi t te rs were utilized in the in-pi le tes t s e r i e s -
unclad UC-ZrC and tungsten-clad UC. 

Tungsten-Clad Emi t t e r Assembly - The tungsten emi t te r a s sembly 
design is shown in F i g . 9. The tungsten can (cladding) has 8 holes nna-
chined axially along the wal l . Four of these holes a r e closed at one end 
and four a r e open at both ends . The open holes a r e for h igh- temperature 
emi t te r thermocouples and the closed-end holes a r e for fuel p ins . The 
fuel pins a r e used to provide fuel near the emi t te r surface in o rde r to 
simulate 20-mi l cladding conditions in the relat ively thick emi t te r can. 
The fuel pins a re sealed into the holes by plugs p ressed into the open ends 
The tungsten emit ter cap is diffusion bonded on top of the canned tungsten 
emi t te r to seal the fuel inside the can. An in termedia te foil of 75 percent 
tungs ten-25 percent rhenium is used to connect the bond between the cap 
and the emi t t e r . The tantalum stem is then diffusion-bonded d i rec t ly to 
the emi t te r cap. 

Insulator 

^ssszzzsa 

:€ 

F u e l • 

Thermocouple 

ki\\Vsb5N\N\\\NV^^ 
m 

^ s 

lOc^azzag 

.. • . • • . • * v^ 
••*.'« i/'y i.-%x%xw%MM.'%.yk.-%x%xv*:xvi<i£ 

/ Cap 

Ta Stem W Emi t te r . 
(Cladding) 

F ig . 9--Tungsten emi t te r assembly for Mark VI in-pile test cell (IC-1) 
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Unclad Emi t t e r Assembly - The unclad emi t t e r assembly design is 
shown in F ig . 10. The emi t te r is composed of UC-ZrC with a composition 
of 30 UC-70 Z r C . A tantalum s tem is brazed to the emi t te r base with a 
Zr-Mo b r a z e . A tanta lum-sheathed tungs ten- rhenium thermocouple is 
inser ted inside of a tungsten thermocouple well in the center of the fuel-
emi t t e r . The thermocouple sheath is sealed into the tantalum s tem by a 
copper b raze in the top of the cel l . 

Insulator 

^ 
TTTT^^WT^ZZZin Thermocouple Well 

^^3- :v 
. . . . . , • . N 

ammm&>«mili 

Fue l Emitter^ 

Tantalum Stem 

F ig . 10--Unclad UC-ZrC emi t t e r for Mark VI in-pi le t es t cei l (lC-2) 

2 . 3 . 2 Emi t t e r Stem 

Both the clad and unclad fue l -emi t te rs a re supported in a cant i lever 
fashion, by a rigid hollow tantalum s t em. The canti lever support has 
maintained the embitter-to-collector spacing of 0 .01 inch during 300 hours 
of high t e m p e r a t u r e operat ion. Post tes t ana lyses of cell components 
have indicated that no problems developed in the cant i lever support during 
the tes t per iod. The l eng th- to -a rea ra t io was chosen for optimum operat ion 
at an efficiency of 10 percent and an ouput cur ren t of 10 amips/cm, using 
the following equation: 

R 1 
JA 

e 

227 

(1 r,) P-^'^l TE> 
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where : 

J = cur ren t density, amp /cm^ 
Tj = cell efficiency 
p = s tem e lec t r i ca l res i s t iv i ty , o h m - c m 
k = s tem the rmal conductivity, wa t t / cm^C 
T , = emi t te r t e m p e r a t u r e , °C 
T^ = sink t e m p e r a t u r e , °C 
Ro= P(VAg) 
^/A = stem-length to c ross sectional a r ea ra t io ,cm" 
A = emiss ion a r e a , cm*̂  

The emi t te r s tem dimensions for both the clad and unclad fuel-
emi t t e r s we re : length, 1.7 inches; o . d . , 0.44 inch; i . d . , 0 .28 inch. 

Copper bus b a r s , welded to the tantalum s tem, ca r r i ed the cell 
cur ren t to the external load. The stem is kept above cesium r e s e r v o i r 
t empera tu re by the heat from the emi t t e r which flows to a water sink and 
the copper bus b a r . E lec t r i ca l heat is provided for maintaining the s tem 
t empera tu re when the emi t te r is not heated. 

2 . 3 . 3 Collector Assembly 

The collector for the Mark VI test cell is made of niobium and is 
wrapped with a two-foot length of sheathed and insulated heater wire 
brazed to its outside sur face . A niobium conductor sleeve is brazed to 
the collector outer surface over the hea te r w i r e . This sleeve conducts 
the heat radial ly to the outer container which is surrounded by wa te r . 
Two thermocouples located at different radia l locations in the conductor 
a r e used to measu re the heat t r ans fe r to the collector to provide a means 
of calibrating the power input to the cell in the r eac to r through ca lo r ime t ry 
The outer surface of the collector heat sink assembly has a coating of 
Al OT to insulate it e lec t r ica l ly from the meta l outer container . The 
re f rac tory meta l collector extends about one inch below the emi t t e r where 
it joins to a cesium r e s e r v o i r assemibly. 

2 . 3 . 4 In tere lec t rode Spacing 

An in tere lec t rode spacing of 10 miil was selected for the Mark VI 
cel l . The p r i m a r y engineering l imitation on the spacing is de te rmined by 
the close to lerance required between the insulator and the col lec tor . This 
is because the final a s sembly alignment between the emi t te r and the col­
lector is obtained by self-jigging the collector and insulator on the emi t te r 
a s sembly . However, it has been demonst ra ted in the fabrication technique 
that this al ignment method maintains a to lerance on the in te re lec t rode 
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spacing to within one mi l so that the spacing can be maintained to within 
±10 percen t . 

2 . 3 . 5 In tere lec t rode Insulator Seal 

The insulator sea l of the Mark VI tes t cell is made of AI2O3 
ce ramic joined to niobium meta l and is purchased from Litton Engineering 
Labo ra to r i e s . Copper b raze is used for joining the metal ized ce ramic to 
the niobium. The maximuna operating t empera tu re of the seal has been 
850°C in a ces ium vapor of 10 m m Hg vapor p r e s s u r e . 

2 . 3 . 6 Cesium Rese rvo i r Assembly 

The cesium r e s e r v o i r tube is made of niobium and it is welded to 
the bottom of the col lector . A copper tube welded to the ces ium r e s e r v o i r 
tube is used for final bake-out , evacuation, and sealing of the cel l . 
Cesium is contained in a Kovar nnetal capsule in the niobium ces ium 
re se rvo i r tube. The ces ium vial is opened after final bake-out pinch-off. 
A sheathed hea te r is provided to maintain the ces ium r e s e r v o i r at the 
des i red t e m p e r a t u r e . Another hea ter on the niobium tube mainta ins it 
at t e m p e r a t u r e s above the ces ium r e s e r v o i r sink t e m p e r a t u r e . 

2 .4 INSTRUMENTATION AND CONTROL 

The the rma l design of the Mark VI tes t cell pe rmi t s investigation 
of thermionic performance with many combinations of cell p a r a m e t e r s . 
In addition to the emi t t e r , there a r e three independent heating sys t ems : 
the^insulator, the col lector , and the cesium wel l . These individual 
heating sys tems allow wide, independent var ia t ions of emi t t e r , insula tor , 
col lector , and cesium t e m p e r a t u r e s , thus permit t ing investigation of al l 
thermionic modes of operat ion. Descr ipt ions of the var ious hea t - t r ans fe r 
sys tems and the degree of control of each a r e found in the following sub­
sec t ions . 

2 . 4 . 1 Emi t t e r 

The emi t te r t e m p e r a t u r e s and their dis t r ibut ion a r e measu red by 
four tungs ten-rhenium thermocouples . These thermocouples m e a s u r e 
the axial dis tr ibut ion of the emi t te r surface t e m p e r a t u r e . Heat is supplied 
to the emi t te r by nuclear fission during in-pile operat ion. Heat t r ans fe r 
occurs by conduction along the emi t t e r bus by t h e r m a l radiat ion and by 
evaporat ive cooling resul t ing from elect ron emiss ion frona the emi t t e r 
surface . 
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2 . 4 . 2 Upper Insulator 

An auxil iary heater on the copper emit ter bus bar maintains the 
insulator t empera tu re above the cesium condensation t e m p e r a t u r e . The 
heat sink for this hea ter i s a water coolant line brazed to the bus bar 
above the hea te r . This sys tem is capable of maintaining insulator 
t empe ra tu r e s between 350°C to 650°C, depending on the emi t te r t e m p e r ­
ature . 

2 . 4 . 3 Collector 

An auxi l iary heat source for the collector is provided by an auxil­
iary hea ter brazed on the outside of the niobium col lector . A niobium 
conductor sleeve is brazed to the col lector . The heat is conducted a c r o s s 
a gas space to the secondary containment can and to the reac tor pool 
wate r . An additional t empera tu re control is provided by varying the 
helium content of the he l ium-argon (or neon) gas mixture in the secondary 
containment. This heat t ransfe r sys tem is capable of maintaining the 
collector t empera tu re within a range of 450°C to 1000°C. Two t h e r m o ­
couples measu re the collector t e m p e r a t u r e . Two additional t h e r m o ­
couples m e a s u r e the outside surface t empera tu re of the niobium conductor 
These radia l ly-spaced thermocouples permi t a cal ibrat ion of the t h e r m a l 
power t r ans fe r r ed to the col lector . 

2 . 4 . 4 Cesium Well 

Two hea te r s a r e provided for ces ium t empe ra tu r e control . The 
lower hea te r is used for maintaining the des i red cesium t e m p e r a t u r e . It 
is automatical ly controlled and provides the bulk of the power for control . 
An auxil iary guard hea ter is wrapped around the length of the ces ium well . 
A tantalum radiat ion shield is wrapped over the hea t e r . The heat for 
cesium tempera tu re control is conducted through a copper flexible lead 
to the s ta in less s teel fuel element tip and thence to the r eac to r pool wa te r . 
The cesium tempera tu re is automatical ly maintained by control of the 
cur ren t to the lower hea te r . The auxil iary hea ter is maintained 
manually at collector tempera ture , when the lower hea ter is controlling 
the cesium t e m p e r a t u r e . 

2 .5 TEST CELL 

The in-pile Mark VI tes t cell is contained in a 1.5-in. d iamete r 
s tainless s tee l TRIGA-type fuel-element cladding tube. All of the leads 
for thermocouples , coolant l ines , and heater leads a re brought through an 
epoxy seal at the top of the s ta inless s teel tube and then through a 2-in. 
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aluminum tube to the reac tor room floor. The containment tube is sealed 
by epoxy about 4 feet above the reac to r core and by a gas- l ine valve at 
the top of the r eac to r . The sealed containment is baked out, evacuated, 
and then purged with he l ium. After purging, a backfill of hel ium is sealed 
inside the secondary containment, providing an iner t gas environment 
around the niobium col lector . During "in-pile operat ion, this containment 
is continuously purged with a purified iner t gas to sweep the gases 
evolved from the containnaent from the vicinity of the cel l . The p r i m a r y 
containment of the cel l is the niobium col lector , the ces ium well , and the 
insulator a s sembly . 

2.6 OUT-OF-PILE PROTOTYPE TEST CELL 

In o rde r to provide a design check for the in-pi le operat ion of the 
Mark VI tes t cel l , the design of the Mark VI was modified to accomodate 
e lec t ron bombardment heating of the emi t t e r . The emi t te r assembly for 
the out-of-pile t e s t - c e l l is shown in F i g . 11 and the cell is shown in 
F ig . 12. Although the cent ra l fuel plug of the in-pile Mark VI has been 
replaced by an e l ec t r i ca l filament, the four fuel pins a r e s t i l l nnaintained 
in the emi t te r wal l , Except for the change in the mode of heating between 
the in-pile and out-of-pile operat ion, the prototype was essent ia l ly identi­
cal tx> the t e s t cel l . 

In o rde r to mock-up the package configuration of the in-pi le Mark VI, 
the out-of-pile prototype was also contained in a 1.5-in. d iamete r s ta in less 
s teel tub e . The tube is inser ted in a tank of water for operat ion. This 
type of out-of-pile operation provided heat t r ans fe r data for the in-pi le t e s t s . 
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Note: Not drawn to scale 

Ta Emi t t e r Stem 

tsJ 

Cu Emi t t e r Stem 

Thermocouple 

Insulator 
Heater 

F i l amen t 
Holder 

Insulator 

Insulator 
•Heater 

F i g . . 12- -Mark VI out-of-pile t e s t cell with tungsten emiitter 



millerc
Text Box
BLANK



III. FABRICATION DEVELOPMENT 

The work c a r r i e d on in the fabrication development a r ea includes 
work on the development of manufacturing p r o c e s s e s for thermionic con­
v e r t e r s and a complementary effort on p r o c e s s and component evaluation. 
Work on manufacturing p r o c e s s e s includes m e t a l - t o - m e t a l joinings, m e t a l -
ce ramic joining, assembly techniques, and emi t te r fabricat ion. The 
evaluation efforts include environmental and mechanical testing of me ta l s 
being considered for use in the construction of thermionic conve r t e r s , as 
well as supporting exper iments to demons t ra te that a given p r o c e s s 
sat isf ies the conver ter r e q u i r e m e n t s . 

The meta l s used in the fabrication of h igh- t empera tu re thermionic 
conver te r s for potential application to space r eac to r sys t ems a r e largely 
m a t e r i a l s for which lit t le fabrication technology is avai lable . They include 
tungsten, tantalum, niobium, beryl l ia and alurriina c e r a m i c s , and var ious 
re f rac tory uran ium compounds. The r equ i remen t s for long lifetime at 
high t empera tu re in a nuclear environment and in the p resence of high-
t empera tu re ces ium vapor mil i ta te against many of the conventional 
methods of joining these m a t e r i a l s . The noble meta l s a r e strongly 
attacked by cesium vapor , and copper is at tacked at a slow r a t e . 
Ult imately, the c e r a m i c s employed in thermionic r eac to r fuel e lements 
m.ust opera te at t e m p e r a t u r e s of the o rder of 1000°C and mus t sim.ul-
taneously provide vacuum sea ls and e lec t r i ca l insu la t ion . The single 
thermionic cel l , and l a t e r , the thermionic r eac to r fuel e lements , will 
r equ i re advancement of high-vacuum fabrication technology. 

3. 1 DEVELOPMENT OF MANUFACTURING PROCESSES 

3.1.1 Metal Joining 

Table 2 p r e sen t s a summary of the requ i rements and the brazing 
methods used in making the n e c e s s a r y m e t a l - t o - m e t a l joints for the 
Mark VI thermionic ce l l . Brazing i s included as a manufacturing method 
for metal- joining where it is possible to maintain close dim.ensional 
to le rances through use of the self-jigging technique during assembly 
opera t ions . This may be m o r e c r i t i ca l when multiple conver te r s a r e 
manufactured, where the accumulative to lerances will become impor tant 
in assembly al ignment. 
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Table 2 

OPERATING REQUIREMENTS AND JOINING METHODS FOR METAL-TO-METAL JOINTS 

Joint 

W-W 

W-Ta 

Ta-Ta 

Ta-Nb 

Ta-Cu 

Nb-Nb 

Nb-Ni 

Cu-Cu 

Cu-Inconel 

Nb-Tantalum 

Location of Joint 

Tungsten cap to seal fuel 
into tungsten emit ter (in-
pile cell) 

Seal between the filament 
chamber and the internal 
cesium chamber and 
supporting fueled emit ter 

Thermocouple seal to tantalum, 
emitter stem 

Tantalum emitter stem 
to insulator 

Bus-bar joint to emit ter 
stem 

Collector-to-insiilator seal 
and collector-to-Nb cesixan 
well 

Collector-to Ni-cesium well 

Bus -bar joints 

Bus-bar heater to bus-bar 

Collector heater sheath 
to collector 

Max, Joint 
Operating Temp. 

(°C) 

2000 

2000 

800 

1000 

800 

1000 

700 

300 

800 

800 

Braze Alloy 

Zr-31.2 Mo. 

Diffusion bond with 
rhenium foil 

Diffusion bond with 
W-25 Re foil 

Z r - 5 , 7 Be 
Diffusion bond 

Z r - 5 . 7 Be 
Cu 
Cu-28 Ti 

Cu 
Shielded Arc Weld 

Cu-28 Ti 

Cu 
Cu-28 Ti 
Shielded Arc Weld 

Cu 

Ag-28 Cu 

Au-20 Ni 

Cu 

Brazing 
Temp, 
(°C) 

1650 

1700 

1700 

1200 
1700 

1200 
1150 
900 

1150 

900 

1150 
900 

1100 

800 

950 

1100 

Comments 

Remelt >2150°C 

Remeit ~3900°C j 

Remelt~3900°C 

Remelt >2i50°C 
Remelt >3000°C 

Remelt >2000°C 
No increase in remelt 
Remelt temp. 

approaches Cu 
melting point 

No increase in remel t 

Renaelt temp, 
approaches Cu 
melting point 

No increase in remelt 
Remelt.^ i050°C 

No increase in remel t 



The fue l -emi t te r in the in-pi le Mark VI tes t cel l was fueled with UC 
and clad with tungsten. To prevent vaporization of the fuel and r e l ease of 
fission products into the ces ium volume, it was neces sa ry to provide a 
tung s ten- to- tung sten joint capable of operat ion at 1800°C for long per iods 
of t ime . Severa l methods were investigated to provide this sea l . E lec t ron -
beam welding was ruled out very ear ly because of a react ion between the 
uran ium fuel and the tungsten at the welding t e m p e r a t u r e . The use of the 
Z r - B e alloys was also unsuccessful because of difficulty with the unstable 
be ry l l ides . More recent efforts on developing the tungsten- to- tungsten 
joints, have employed diffusion-bonding techniques involving high p r e s s u r e in 
a vacuum environment and ex t remely clean m a t e r i a l s . The result ing bonds 
a r e vacuum leak tight and have ex t remely high r eme l t t e m p e r a t u r e s , as 
indicated in Table 2. The joints were successfully made using thin foils 
of z i rconium, rhenium, and an alloy of 75 percent tungsten - 25 percen t 
rhenium as the interface m a t e r i a l between the tungsten p a r t s . The p re sen t 
technique u se s the tung s t en- rhen ium interface foil. This introduces the 
leas t amount of extraneous m a t e r i a l to the emi t te r sur face . The diffusion 
bond technique is a lso used successfully to bond the tantalum s tem to the 
tungsten emi t t e r . 

The Mark VI thermionic conver ter is equipped with four emi t te r 
the rmocouples . These thermocouples a r e W~(W-25% Re) insulated with 
BeO and sheathed in tantalum. The thermocouple sheath pene t ra tes the 
ces ium envelope, and it mus t be sealed to the emi t te r s t em to complete 
the envelope. F r o m a mechanica l point of view, copper b r azes have been 
found to be sa t is factory for forming this joint . F o r ext remely long life 
(>1000 h r ) in a ces ium environment , a copper b raze would not be s a t i s ­
factory. F o r this r eason , active me ta l b r a z e s such as z i rcon ium-
beryl l ium and copper t i tanium have been invest igated. These b r azes 
have been successful in a number of c a s e s ; but in o thers the b raze has 
not provided a leak-t ight vacuum sea l . It has been found that sequential 
brazing at t imes adverse ly affected the joint previously made with the 
active b raze m a t e r i a l . F u r t h e r investigation of p r o c e s s var iables is 
n e c e s s a r y . 

The ces ium well in the p re l imina ry development of the Mark VI was 
made of n ickel . The f i r s t design uti l ized a nickel pinch-off tube. The 
n icke l -ces ium well was joined to the niobium collector by a copper b r a z e . 
I t was known that an exothermic react ion between nickel and niobium occurs 
at about 1300°C. To avoid this reac t ion , the ces ium well was changed to 
niobium; however, after the remote assembly technique descr ibed below 
was developed, separa te ces ium wells and col lec tors were not n e c e s s a r y . 
The copper b raze joining was changed to p r e a s s e m b l y i n e r t - g a s a r c weld­
ing. 
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The joint between the niobium cylinder on the insulator and the 
tantalum s tem was naade with copper, copper t i tanium, and z i rconium 
bery l l ium. This joint somet imes leaked after thernaal cycling when the 
active meta l b r a z e s had been used. The copper brazing of this joint was 
difficult to per form because of the adjacent thermocouple seals which had 
to be changed to copper for re l iabi l i ty . Thus , after the ine r t g a s - a r c 
welder was developed, this tantalum-niobium joint was changed to an a r c -
weld. 

The design of the Mark VI cell for out-of-pile testing has a r e q u i r e ­
ment for a leak-t ight joint between the tantalum emi t te r s tem and the 
tungsten emi t t e r . The f i r s t method investigated for this joint was e lec t ron-
beam welding. This weld is br i t t le and usually failed after t he rma l cycling. 
It was then decided to invest igate react ive me ta l brazing of the tungs ten- to-
tantalum joint. The alloy investigated was 94. 5 Zr - 5 , 5 Be . However, 
the formation of tung s ten-bery l l ides caused embr i t t l ement and cracking 
after t h e r m a l cycling. The tung s t en-bery Hide WBe^o formed during 
brazing is unstable and volatilized during subsequent heating at about 1400°C. 
Also, during fabrication and operation the b raze interface would somet imes 
oxidize resul t ing in leaks through the joint . The final method developed 
for this joint was diffusion bonding, accomplished by e . lec t r ica l - res is tance 
heating the mating meta l p a r t s in a hot p r e s s . The bonding takes place at 
modera te p r e s s u r e and t empera tu re over a per iod of about 1 h r . This 
naethod has proven to be highly re l iable for h igh- tempera tu re leak-f ree 
operat ion. 

Methods a re presen t ly under development to provide improved 
p r o c e s s control so that active me ta l b r a z e s may be used; but unti l these 
p r o c e s s e s a r e avai lable, cell fabrication will p roceed using copper -b raze 
m a t e r i a l , iner t gas a rc-weld ing , or diffusion bonding. 

3 .1 .2 Me ta l -Ce ramic Joining 

Many of the c r i t i ca l mechanica l fea tures of the thermionic cell 
re la te to the in t e r - e l ec t rode c e r a m i c i n s u l a t o r - s e a l and the surrounding 
sandwich insulator r equ i red to isolate the cel l f rom a l iqu id-meta l coolant. 
I t is n e c e s s a r y that the t he rma l expansion coefficients of the ce r amic and 
meta l envelope match a lmost exactly so that the a s sembl ie s will not fail 
under the rmal cycling. The bes t available combination appears to be 
niobium joined to ei ther an aluminum-oxide or berylliuixi-oxide c e r a m i c . 
This combination has the additional advantage that there a l ready exis ts a 
significant technology on the use of niobium as a s t ruc tu ra l me ta l with 
lithium as a coolant for possible future r e a c t o r s . 

The Mark VI cell design allows sufficient distance between the 
collector and the e l ec t r i ca l insulator so that the c e r a m i c - m e t a l seal 
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does not operate at excess ively high t e m p e r a t u r e . This pe rmi t s the use 
of conventional techniques for joining Al-,Oo and niobium. An A K O j -
niobium insula tor sealed with copper and meta l l ized with tungsten- i ron 
was p rocured from the Litton Engineering L a b o r a t o r i e s , This seal has 
proven very re l iable in the operat ion of the Mark VI ces ium cell at 
t e m p e r a t u r e s up to 850°C in a cesium.-vapor p r e s s u r e of 10 m m Hg. 
However, it i s predic ted that, for very long operation (>1000 hr ) , the 
probabil i ty of fai lure will i nc rease due to diffusion between i ron , 
tungsten, and niobium, which form a br i t t le compound. Also , a copper 
b r aze is l imited to a 1000-hr tes t because it is subject to slow ces ium 
at tack . 

Ear ly in the p r o g r a m , a l imited investigation was conducted con­
cerning methods of brazing niobiuim and Al^O, with react ive me ta l alloys 
which direct ly wet Al^O.,. The composition 70 Ti-30 Ni (mp 955°C, 
composition in wt-%) was invest igated. This alloy wetted Al-,0^ well 
and formed excellent joints when bonding niobium to Al^O^. The 
70 Ti-30 Ni alloy appears to flow bet ter on ALO., than Z r - B e a l loys , 
p resumably because no in termedia te phases a r e formed, Ho-wever, 
after t he rma l cycling, c r acks appeared in this joint, apparently due to 
t i tanium diffusion into the ceranaic . The composition 56.6 Nb-48 .4 Ni 
(nnp 1175°C) was investigated and was found to be quite b r i t t l e . Also^ 
in the ear ly phases of the p r o g r a m , Z r - B e composit ions were invest igated. 
These were 98 Z r - 2 Be (hypoeutectic) and 90.5 Z r - 5 . 5 Be (eutectic mp 
980°C). Both alloys exhibited good wetting to AI2O.,. Metal lographic 
examination of specimens showed an in te rmedia te metal l ic phase formed 
at the b raze Al^O^ alloy in te r face . It i s quite probable that this phase is 
BeO-3 AI2O3. 

In la te r inves t iga t ions , niobium and A I T O ^ were sat isfactor i ly 
brazed with the alloys 94,3 Z r - 5 . 7 Be (mp 1000*^C) and 71 Z r - 2 3 Re-6 Be 
without metal l iz ing the A1^0„. These seal joints were thernaally cycled 
and remained leak tight, as descr ibed in Section 3. 5. 

3.2 ASSEMBLY TECHNIQUES 

The construct ion of a thermionic cell present ly involves the fabr i ­
cation of three subassembl ie s : the eiTiitter, the col lector , and the ces ium 
r e s e r v o i r . Each of these subassembl ies may involve severa l m e t a l - t o -
meta l joints and pe rhaps a m e t a l - t o - c e r a m i c joint. During final assembly, 
it is impera t ive that the cell be maintained in a clean condition and that 
the per formance of the final assembly b razes does not adverse ly affect 
joints previously m a d e . One of the major difficulties i s that each assembly 
step r equ i r e s close dimensional control that can be obtained only by jigging 
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and fixturing each subassembly before b raz ing . In the pas t , this operation 
has been per formed on the bench and a s semb l i e s were then vacuum-
outgassed before brazings During this p r o g r a m , methods were developed 
to perform, assembly and jigging operat ions after outgassing had been 
completed without breaking the vacuum. In this way^ i t has been possible 
to reduce the gas content of the cel l to a point where p rev ious ly-made 
b r a z e s a r e not affected by the heating of adjacent jo in t s . 

One method of accomplishing a clean b r aze was to prep lace a jig 
and braze m a t e r i a l and as semble the emi t t e r - co l l ec to r a s semb l i e s in a 
vacuum tube for outgassing. This setup is shown in Fig^ 13.. The 
collector assembly i s held on a pedes ta l support , and the emi t te r assembly 
is held on a pushrod which pene t ra tes the vacuum, through an O-ring sea l . 
After both of these subassembl ies have been outgassed in vacuums the 
emi t te r assembly is lowered into the collector and jig assembly , as shown 
in F i g , 14. The joint is then taken to brazing t empera tu re by rf induction 
heating. This manufacturing technique requ i red an additional operat ion 
in a i r to join the ces ium r e s e r v o i r to the cell p r io r to final evacuation and 
bake out of the cel l . 

Modifications and additions to this a ssembly procedure were made 
to allow complete assemb.ly, bake-out, and sealing to take place in a 
single vacuum sys tem without exposure to a i r during the in te rmedia te 
s teps . This was done by the addition of a second vacuum sys tem to the 
assembly unit and minor design changes in the cel l to allow self-jigging 
of the in te r -e l ec t rode spacing'and evacuation of the cel l through the 
cesium r e s e r v o i r . This allows the cel l to be evacuated^ baked out, and 
pinched off without exposing the cell to a i r . This p rocess ing technique 
was used sat isfactor i ly in the assembly of the out-of-pile cellj, O C - 3 , 
and the in-pi le cfells, IC-1 , I C - 1 % a n d I C - 2 , 

A schemat ic drawing of this remote assem.bly unit is sho^wn in 
F ig , 15. The d iag ram to the left shows the assembly in the bakeout 
posit ion. Each cell component i s outgassed at a t empe ra tu r e above 
operating t empe ra tu r e using the rf induction coil with both vacuum 
sys tems in operat ion. Following outgassing, the emi t te r assemb.ly is 
lowered into the self-jigging collector a,ssembly that has been preloaded 
with b raze m a t e r i a l . This configuration i s shown in the d iagram to the 
r ight in F ig , 15. The final b raze i s then made using the induction unit 
and, after final outgassing, the cel l i s pinched off at the lower end of the 
ces ium r e s e r v o i r . 
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Fig . 13--Mark VI ces ium cell being assembled remote ly 
after h igh- t empera tu re outgassing in vacuum 
with rf induction heating coil 
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F i g . 14--Mark VI ces ium cell a ssembled p r io r to vacuum 
brazing after h igh- tempera tu re bakeout 
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F i g . 15--High-vacuum remote assembly jig for Mark VI cell 

3.3 CESIUM AMPOULE 

Kovar meta l was selected as the ces ium ampoule m a t e r i a l . The 
dist i l lat ion into the Kovar tube is made presen t ly through g l a s s . Thus , 
the base p a r t for this fabrication is a s tandard tubular g lass -Kovar sea l . 

Methods were studied in detai l for obtaining re l iable pinch-off on 
one end and for fi lament-welding the other end of the Kovar tube. The 
Kovar i s e lectropol ished in hydrochlor ic acid and then pinched off on one 
end of the tube. Severa l of these tubes a r e then joined to a glass vacuum 
bakeout and dist i l lat ion sys tem and assembled in a bakeout oven as shown 
in F i g . 16. The glass ces ium ampoules a r e then at tached to the d is t i l la ­
tion sys t em. The ent i re glass tubing and Kovar is then baked out at 
450°C in the bakeout oven. After bakeout, the ces ium is dis t i l led into 
the Kovar tubes . The Kovar ampoule is then sealed by e l ec t ro -bombard ­
ment f i lament-welding with the ces ium port ion held in a chill block. The 
ampoule is then ready to instal l in the cell for final outgassing. 
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3.4 FUEL-EMITTER FABRICATION 

During the p rogram, work was c a r r i e d out on fabrication of tungsten-
clad UC fue l -emi t t e r s and on unclad UC-ZrC fue l -emi t t e r s for the out-of-
pile and in-pile ce l l s . 

The tungsten-c lad UC emi t te r of the cu r ren t Mark VI cell is formed 
of machined tungsten and provides space for four emi t te r thermocouples . 
Two major difficulties have been encountered in the fabrication of this 
emi t t e r . The f i rs t was the development of a re l iable tungsten-to tungsten 
seal to prevent fuel and f iss ion-product r e l ease to the ces ium volume, and 
the second was the difficulty encountered in at tempting to make thin-walled 
tungsten emi t te r sect ions leaktight. The UC fuels have now been s u c c e s s ­
fully sealed using diffusion-bonding techniques to join tungsten to tungsten. 

The problems assoc ia ted with producing highly re l iable thin-walled 
tungsten sections were at tacked in two different ways. The cell design was 
modified so that it was not nece s sa ry to have a thin-walled tungsten emi t te r 
stem support s t ruc tu re . The tanta lum-tungsten joint was then made by 
diffusion bonding. This modification removed one of the major causes for 
cell failure - the cracking of the thin-walled section in a r e a s of high the rma l 
grad ien ts . In the simulation of typical cladding th icknesses by thin-walled 
machined tungsten^ the major difficulty is p r imar i l y a ma te r i a l fabrication 
problem. Many of the tungsten samples rece ived from suppl iers have not 
only la rge grains but also incipient c r a c k s . 

The tungsten emi t t e r s for the Mark VI cell were fabricated from the 
following three types of tungsten during the development p rog ram: 

1. Vacuum centr i fugal ly-cast alloy of 98 percent tungsten and 
Z percent molybdenum 

2. P r e s s e d , s in tered and hot-swaged tungsten 
3. Vacuum centr i fugal ly-cast pure tungsten 

In addition, the fabrication technique of t he rma l vapor deposition of 
tungsten-cladding over fuel fo rms was invest igated. 

Of all the naater ials investigated, the vapor-deposi ted tungsten had 
the finest grain s t ruc tu re ; however, since this i s p r ima r i l y a development 
ma te r i a l , it was decided to use cast and hot-swaged 98 W-2 Mo alloy from 
the Oregon Metal lurgical Corporat ion for the init ial t e s t s . This ma te r i a l 
has a grain size somewhat l a rge r than the vapor-deposi ted tungsten but 
five t imes smal le r than the cas t - tungsten sample . E m i t t e r s fabricated 
from this W-Mo alloy have been successfully fabricated and the rma l - cyc l ed 
without apparent degradation. 
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With the exception of the vapor deposition naethod, the fabrication of 
the emi t t e r s from the th ree forms of tungsten is accomplished by carboloy 
tool machining, diamond grinding and cutting, and e lec t r ica l d ischarge 
machines . The eas ies t type to fabricate is the W-Mo alloy. 

The method that appears to offer potential economy is the vapor -
deposition method. The feasibility of using vapor-deposi ted tungsten as 
a cladding for the fuel -emit ter will be thoroughly invest igated. 

The pr incipal p rob lems with using ei ther the cast or s in tered tung­
sten we re : 

1. Difficult and costly machining 
Z. Bri t t le f rac ture of the bar during machining 
3. F r a c t u r e of embri t t led thin-walled sections (0. 050 in. or less ) 

after heating and the rma l cycling 

The 98 W-2 Mo alloy did not have the above disadvantages . However, 
in some of the fue l -emi t te rs that were heated out-of-pi le , the fuel appa r ­
ently diffused through the emi t te r wall at t e m p e r a t u r e s in excess of 1800°C. 
A diffusion couple of this 98 W-2 Mo alloy showed that , at 1800°C, the re 
was diffusion into the grain boundar ies ; however, this ma te r i a l is adequate 
for a tungsten emi t t e r for per iods of the o rde r of 100 hours . 

As a substitute for the W-Mo alloy, it is planned to develop an 
advanced fue l -emi t te r for the Mark VI tes t cell using the technique of 
thermochenaical vapor deposition of tungsten. Experinaents were con­
ducted to a s s e s s the compatibili ty of chemica l -vapor -depos i ted tungsten 
in contact with UC and UO2. Also exper iments to a s s e s s the t he rma l , 
mechanical , and dimensional stability of chemica l -vapor -depos i ted 
tungsten cladding were conducted. UC pel le ts ( l / 4 - i n . d iameter x l / 4 - i n . 
high) were coated with 0. 030-in. thick tungsten and then thermal ly cycled 
to 1900°C five t i m e s . No change in the specimen dimension was noted, 
nor was any degradation of the coating observed during visual examination. 

Studies of the orientat ion of vapor-deposi ted coatings on UC sub­
s t r a t e s were per formed. While there i s some disorientat ion, there is 
a heavily p r e f e r r ed orientat ion of the {l00|- planes of the coating para l le l 
to the specimen surface. Deposited coatings exhibit a rough appearance 
caused by tiny t e t r ahedra protruding perpendicular to the specimen s u r ­
face. Measurements of the included angle at the apex of these t e t r ahedra , 
together with the crys ta l lographic considera t ions , indicate that these a r e 
formed of familes of { i l l | p lanes . 
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Techniques for fabricating 90 UC~10 ZrC emi t t e r s were investigated. 
One technique ivest igated was ho t -p ress ing the carbide powder in a tungsten 
die at 1700^0 and 650 ps i . Densi t ies up to 85 percent of theore t ica l were 
obtained. Also, a p r o c e s s for grading the emi t te r from high UC to 10 
UC-90 ZrC or 100 percent ZrC during the ho t -p ress ing was invest igated. 
A sa t is factory h igh- tempera tu re b razed joint could then be made between 
the ZrC and a re f rac tory meta l with an equivalent t he rma l expansion c o ­
efficient. 

During the second half of the p r o g r a m it was decided to use a lower 
fraction of UC in the UC-ZrC ma te r i a l because of information gained from 
out-of-pile cell t e s t s which showed that the aniount of UC in the compound 
did not a l te r the emiss ion after the surface was act ivated. That i s , the 
surface equi l ibr ium concentrat ion of uranium de te rmines the emiss ion 
ra te , and this concentra t ion is near ly independent of the bulk UC concen­
t ra t ion . The nuclear calculat ions showed that a 5 /8- in . -d iameter UC-ZrC 
fue l -emi t te r with 20 mol-% or more of UC would resu l t in sufficient fission 
power . Thus the 30UC-70ZrC was se lected, since the re was some fabr i ­
cation exper ience with this compound. This el iminated the necess i ty of 
grading the emi t te r to a low-UC compound to join to a re f rac tory meta l 
lead. The emi t t e r was made by co ld-press ing enriched powder, followed 
by sinter ing and outgassing, after which it was finished to dimension by 
grinding. A thermocouple hole was dri l led in the cen te r . The top l / 4 in. 
of the emi t t e r was n o r m a l uranium (to reduce the t empe ra tu r e at the joint 
to the tanta lum s t em) . 

This joining technique was prac t iced and meta l lu rg ica l examination 
showed that excellent wetting was obtained when a Zr -Mo b raze ma te r i a l 
was used . The rma l cycling of a prac t ice piece indicated sat isfactory 
b raze pe r fo rmance . After th ree t he rma l cyc les , the carbide prac t ice 
piece cracked, but the joint remained in tegra l . Fo r the thermal -cyc l ing 
tes t , the p rac t ice piece was di rect ly heated by an e lec t ron bombardment 
f i lament . Since this miethod of cycling i s much nnore seve re than the 
uniform heating obtained in the r e a c t o r , it is felt that cracking of the 
carbide under these conditions did not ref lect adverse ly on the expe r i ­
ment design. 

An enriched unclad UC-ZrC fue l -emi t te r for the in-pi le IC-2 tes t 
cel l , was successfully fabr icated and joined to a tantalum s tem. The 
fue l -emi t te r a s sembly is shown in F ig . 17. During the brazing of the 
enr iched fue l -emi t te r , a longitudinal c r ack developed in it. T h e r m a l -
cycling t e s t s were per formed and the c rack did not propagate . The fuel-
emi t te r was then used for the in-pi le t es t in the Mark VI cel l . 
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Fig. 17--Unclad UC-ZrC emitter for Mark VI single-
cell in-pile testing 
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During the ear ly development phase some development of UO^ 
c e r m e t s was c a r r i e d out before UC was selected for the Mark VI fuel-
emi t t e r . Pe l le t s of W-UO2 ce rme t were p repa red by blending UOT and W 
powder (both minus 325 mesh) and ho t -p ress ing in Mo-lined graphite d ies . 
When the ce rme t with 95 wt-% UO2 was h o t - p r e s s e d at 1430OC and 1000 psi , 
the pel le ts were about 90 percent of theore t ica l density. Visual inspection 
showed that the W and UO2 were somewhat segregated . It is believed that 
this resu l ted from packing of the UO2 during the blending. The need for 
be t ter mixing during blending is evident. Hot -press ing of W-UO2 ce rme t 
containing 50 wt-% UO2 at 1150°C and 800 psi yielded pel le ts of 82. 5 p e r ­
cent theore t ica l density, A ce rmet containing 25 wt-% UO2 could be bonded 
to W discs during ho t -p ress ing but the densi t ies of these pel le ts were not 
determined, 

3.5 PROCESS AND COMPONENT EVALUATION 

Before a p r o c e s s or component can be uti l ized in the fabrication of 
a thermionic cell , it must be establ ished that it will satisfy the cell design 
objective. Work in this a r e a during the repor t ing per iod has been confined 
to the evaluation of i n su l a to r - sea l s in a ces ium environment and in the 
evaluation of bakeout p rocedures for the Mark VI thermionic t e s t cel l . 

3. 5. 1 Insula tor-Seal Environmental Tes t s 

Insu la to r - sea l environmental t e s t s were designed to subject AI2O3-
niobium insulator seals of the Mark VI design to the same environment, 
with the exception of radiat ion, that they will experience in t e s t ce l l s . 

The c e r a m i c - m e t a l insu la tors previously used for the Mark VI cell 
were made of AlnO^, metal ized and joined to niobium va th copper b r a z e . 
The types of high-densi ty AI2O2 used were Coors AD-99 (99 percent pure) 
and Lucalox (99.99 percent pure) . The insu la tors were t e s t ed at 800°C 
for compatibility with an internal ces ium environment of 10 mm Hg of 
cesium vapor and an external environment of purified argon. The insula­
tor made from Coors AD-99 leaked after 50 hr . The Lucalox insulator 
was leaktight after 140 hr , but leaked after nine the rma l cycles between 
room t empera tu re and 800°C, Metallographic examination showed that 
the leaks were in the AI2O0 of the Coors AD-99 insulator and in the b raze 
joint of the Lucalox insula tor . Two of the Lucalox insu la tors were then 
heated without ces ium for m o r e than 250 hr at 800°C and the rmal ly cycled 
15 t imes ; they remained leaktight. The conclusion is that ces ium (which 
is possibly pa r t liquid during cycling) i s responsible for the previous joint 
fa i lures . 
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A Lucaiox-to niobium insu la to r - sea l was fabr ica ted using the alloys 
Zr -Be and Z r - B e - R e and t r ea ted as follows: 

1. It was thermal ly cycled six t imes between 300°C and IZOO^C; 
2. It was then run in a ces ium a tmosphere at a p r e s s u r e of 10 mm 

Hg for 14 hr at 1015*^C. The tes t was in ter rupted because of a 
ces ium leak through a pinch-off seal . 

Subsequent examination of the specimen showed it to be leaktight 
and unaffected by the ces ium a tmosphe re . Howeverj it must not be con­
cluded from this tes t that the i n su l a to r - s ea l is at an advanced stage of 
development, 

3 ,5 .2 Cell P rocess ing Evaluation 

Throughout the assembly of the thermionic conver ter and par t icu lar ly 
during the las t step of the assembly before sealing, the cell r equ i re s c a r e ­
ful bakeout and evacuation to a s s u r e that it is free fromt all adsorbed gases . 
Since it is not possible to ins t rument the cell direct ly to de termine t e rmina l 
p r e s s u r e s , gas evolution r a t e s , and the effects of internal get ter ing, a tes t 
r ig was const ructed to evaluate them. This rig was a f i lament-heated 
Mark VI cell , a s shown in Fig , IB. It was equipped with vacuum gauges 
on both ends of the cell and with a vac-ion pump at the internal pumpdown 
connection on the ces ium r e s e r v i o r . There were no emi t t e r themocouples; 
a sapphire window, however, allowed di rec t observat ion of the emi t te r 
t empera tu re with the use of a py rome te r . The p r e s s u r e - t i m e curves 
observed on the two ion gauges for an ambien t - t empera tu re experiment 
a re shown in Fig . 19- These data indicate that a p r e s s u r e gradient of 
approximately one decade exis ts a c r o s s the emi t t e r during evacuation of 
a cell having an in t e r - e l ec t rode spacing of 0. 010 in. This resu l t is not 
unexpected, because the conductance of such a gap is of the order of 
50 cm / s e c . 

Repeating the same exper iment with heated e lec t rodes indicated a 
slightly smal le r p r e s s u r e drop a c r o s s the emi t t e r . It is believed that the 
gettering cha rac t e r i s t i c s of the niobium col lector and the tantalum emtitter 
s tem a s s i s t in keeping the p r e s s u r e gradient smal l . The examination of 
m a t e r i a l s from the out-of-pile ce l l s , OC-1 and OC-2, support this hypo­
t h e s i s . 

The re su l t s of this exper iment indicate a p r e s s u r e equilibration 
t ime of approximately 1 hr a c r o s s the emi t t e r . On the bas i s of this 
resul t , final bakeout p rocedures for actual ce l ls have been es tabl ished to 
minimize dele ter ious effects due to outgassing. Assembly methods were 
modified so that cell components will be fully outgassed before assembly . 
This i s d i scussed in Section 5. 2. 
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General Process and Assembly Sequence 

(1) Outgas m a t e r i a l s . 
(2) Braze or weld together emi t t e r and col lector subassembl ies . 
(3) Outgas subassembl ies above operating t empe ra tu r e in high 

vacuum. 
(4) Remotely a s semble emit ter and col lector subassembl ies . 
(5) Final b raze subassembl ies together . 
(6) Leak-check the ce l l . 
(7) Pinch off copper pinch-off tube to seal cel l . 

Detailed Process ing Subassembly and Final Assembly 

(1) The emi t te r and collector pa r t s a r e thoroughly outgassed in high 
vacuum at high t empe ra tu r e after machining. 

(2) The fue l -emi t te r subassembly sequence i s : 
(a) The fuel is sealed into the tungsten emitter, by diffusion-

bonding a tungsten cap to the emi t t e r . 
(b) A tantalum bar is diffusion-bonded to the tungsten emi t t e r 

and then machined to shape for an emi t te r s tem, 
(c) The emi t t e r s tem is welded to the c e r a m i c - m e t a l insula tor . 

(3) The col lector subassembly sequence i s : 
(a) A tanta lum-sheathed , insulated nichrome wire hea te r is 

b razed to the niobium collector with copper, 
(b) A niobium heat conductor is b razed to the niobium collector 

with copper, 
(c) A niobium ces ium well is welded to the niobium col lector by 

argon shielded a r c weld. 
(d) A copper ces ium well is welded to the niobium ces ium well . 

(4) The final a s sembly sequence i s : 
(a) The insulator meta l flange and col lector cyl inder a r e 

machined to fit within close to le rance . 
(b) The emi t te r and collector subassembl ies a r e a s sembled in a 

vacuum induction-heating un i t . The a s semb l i e s a re outgassed 
at t e m p e r a t u r e s above thei r operating t e m p e r a t u r e . 

(c) The emi t t e r and collector subassembl ies a r e remote ly assembled 
in the vacuum induct ion-heat ing unit. The assembly is b razed 
together with a copper b raze ring which had been preplaced in 
the joint. 

(d) The ceil a s sembly is leak-checked and the copper pinch-off tube 
is pinched off if leak tight. 
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IV. IN-PILE TESTING OF THE MARK VI CELL 

Three in-pi le t e s t s were conducted during the year utilizing the 
Mark VI tes t cel l . In two of these t e s t s , tungsten-clad uran ium carbide 
fue l -emi t t e r s were employed and in the thi rd , a UC-ZrC fue l -emi t te r 
was ut i l ized. Test ing p rocedure , prototype t e s t s for the cell design, 
and the three Mark VI cell t e s t s a r e descr ibed in deta i l in this sect ion. 

4 . 1 INSTRUMENTATION 

The ins t rumentat ion shown schematical ly in F i g . 20 was used for 
both in-pile and bench test ing of the Mark VI tes t cel l . In addition, the 
bench test required a control c i rcui t for the e lec t ron bombardment heat­
ing of the emi t t e r . The emi t te r power input for the in-pi le t e s t s is 
regulated by adjusting the r eac to r power level . The main fea tures of the 
ins t rumentat ion include: 1) Tempera tu re m e a s u r e m e n t and control; 
2) Power output m e a s u r e m e n t and regulation; and 3) Emi t t e r power input 
supply, control , and m e a s u r e m e n t . 

4 . 1 . 1 Tempera tu re Measurement and Control 

The fuel -emit ter t empera tu re was measured with four W(W-26Re) 
thermocouples imbedded in the emi t t e r walls at different axial locat ions: 
two in the middle and one at each end. With that a r r angement , the emi t te r 
t empera tu re level and dis t r ibut ion can be measu red during the opera t ions . 
The absolute themocouple e r r o r s a re in the o rde r of 1 pe rcen t . Cal i ­
brat ion of thermocouples of this type has shown thei r re lat ive t e m p e r a t u r e s 
to be within ±10°C at 1900°C. The thermocouple emf was displayed on a 
0-50 Mv Brown r e c o r d e r . The r eco rde r e r r o r is ±0.25 percen t . 

The t e m p e r a t u r e s of the col lector , ces ium r e s e r v o i r , insulating 
seal , e t c . , were measu red with floating shielded-type ch romel -a lume l 
the rmocoup les . Close regulat ion of the ces ium r e s e r v o i r was accomplished 
with a cur rent-adjusting-type 3-action proport ional c o n t r o l l e r - r e c o r d e r . 
The measu red r e s e r v o i r t empe ra tu r e e r r o r is es t imated to be ±1°C. The 
collector t empera tu re was automatical ly regulated with a current-adjust ing-
type s ingle-act ion proport ional control ler within about ±5°C. The other 
16 conver ter t e m p e r a t u r e s were in termit tent ly recorded on a l6-point 
Brown Recorder which is accura te within 0 .25 pe rcen t . 
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4 .1 .Z Power Output Measurement and Regulation 

The tes t cell voltage output was regulated by a h igh-cur ren t var iable 
r e s i s t o r (load) with a range of 0.001 mil l iohm to 1 ohm. F o r driving the 
tes t cell into the applied voltage region (+), the pa ra l l e l ba t t e ry circui t 
was used . The driving voltage was regulated with another h igh-cur ren t 
r e s i s t o r . 

Converter voltages were measured at the emi t t e r and collector 
leads with copper p robes . The cu r ren t s were measu red with prec is ion 
shunts . Both the voltage and cur rent were continuously recorded on a 
Brown two-point r e c o r d e r . The voltage and cur ren t e r r o r s a r e es t imated 
to be ±0.005 volts and ±0.2 amp . A 60 cps voltage sweeping circui t was 
also used to display vo l t age -cur ren t cha rac t e r i s t i c s on an osc i l l o scope . 
Polaroid photographs were used to record the d i sp lays , 

4 . 1 . 3 Emi t t e r Power Input Supply and Control 

F o r the bench t e s t s , the emi t t e r s were heated ar t i f ic ial ly by e lec t ron 
bombardment accomplished with a double hel ica l filament suspended in the 
emi t te r cavity and supported by l / l 6 - i n . tantalum leads . 

A schemat ic of the e lect ron bombardment circuit i's shown in F ig . 2 1 . 
The ac cur ren t to the filament is supplied and regulated by a cu r ren t -
adjusting-type 3-action proport ional cont ro l le r . The controlled va r iab le , 
the bombardment cur ren t , was sensed by a prec is ion shunt. High voltage 
was supplied by a regulated dc power unit with 0-1000 volt and 0-5 anap 
range . The power to the emi t te r was accura te ly measu red with cal ibrated 
prec is ion ac and dc m e t e r s . The e r r o r in the power input m e a s u r e m e n t s 
is es t imated at 1 pe rcen t . 

4.Z OUT-OF-PILE PROTOTYPE CELL TESTS 

Two out-of-pile prototype cel ls ,designated as OC-1 and OC-2, were 
operated out-of-pile for over 100 hours to study t h e r m a l performance and 
m a t e r i a l s compatabil i ty. After operat ion, the cells were sys temat ica l ly 
d i sassembled and the cell components were examined. 

The prototype OC-2 cell was placed in a fuel element containment 
tube and was operated in argon, hel ium, and vacuum environments to 
obtain heat t r ans fe r and collector ca lo r imete r da ta . Containment tubes 
were operated within a tank of water to simulate r eac to r cooling conditions. 

In addition to the two t h e r m a l t e s t s (OC-1 and OC-2), a third out-of-
pile prototype cell was operated as a ces ium conver t e r . Data from this 
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prototype cell provided reference points for the operation of the in-pi le 
test ing ce l l . 

4 . 2 . 1 OC-1 Axial Tempera tu re -P ro f i l e Data 

The cell was ins t rumented with 24 the rmocouples , 11 of which were 
used to obtain axial t empera tu re -p rof i l e data in a va,cuum and in an iner t 
a tmosphe re . The collector radia l t empera tu re profiles intended for 
ca lo r ime t ry of the collector waste heat were not usable because of d i s ­
tor t ions of the c i rcumferent ia l t empera tu re dis t r ibut ion as a resu l t of the 
method of mounting the cel l . 

The OC-1 t empera tu re -p rof i l e data a re shown in F i g . 22 for an 
emi t te r t empera tu re of 1900°C. Table 3 l i s ts the operating conditions 
depicted by curves A-D in F i g . 22, Of par t icu la r impor tance is the 
t empera tu re dis t r ibut ion along the nickel tube of the ces ium r e s e r v o i r . 
Under tes t vehicle operat ing conditions, only the t empera tu re of the end 
of the tube is m e a s u r e d . Hence, it i s most impor tant that this t e m p e r a ­
ture be the lowest t empe ra tu r e in o rde r to accura te ly r eg i s t e r the ces ium 
condensation t e m p e r a t u r e . Of course , when there is no heat applied to 
the r e s e r v o i r - e n d , then the end ( T / C N O . 16) must be at the lower t e m ­
pera tu re since the heat sink is below the r e s e r v o i r . This i s observed in 
curves A and C of F i g . 22. In curves B and D, however , the r e s e r v o i r 
is e lec t r ica l ly heated to about 350°C ( T / C N O . 16) resul t ing in a lower 
t empera tu re near the middle of the nickel tube ( T / C N O . 4 and No. 17) 
than at i t s end. The minimum t empera tu re in that region is caused by 
radiat ion loss of heat from the nickel tube wall , as i s evidenced by curve 
B . It is noted that the shape of the curves B and D a re gross ly the same 
in the region of the ces ium r e s e r v o i r except for the i r ve r t i ca l d i sp lace­
ment from each o ther . This indicates that the addition of argon convection 
cooling more or l ess equally cools the ent i re tube. In F i g . 22;, the min i ­
mum t empe ra tu r e is near T / C No, 4. F o r the vacuum case , the t e m p e r a ­
ture difference between T / C N O . 1 6 and No, 4 is 64°C and for the argon 
case it is 13°C, It is seen, then, that the addition of argon cooling 
actually reduces the t empera tu re difference. When the existence of a 
minimum tempera ture , other than that at the end of the r e s e r v o i r tube was 
d iscovered , insulation and radiat ion shielding were applied to the r e s e r ­
voir tube walls to prevent heat l o s s e s . 
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Table 3 

OC-1 TEMPERATURE-PROFILE OPERATING CONDITIONS 

Curve 

, A 

B 

C 

D 

Atino sphere 

Vacuum 

Vacuum 

Argon 

Argon 

E m i t t e r 
Temp Co 

1900 

1900 

1900 

1900 

Heafer Power 

Emi t te r 

591 

592 

600 

601 

Emi t t e r 
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0 

58 

0 

58 
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Nickel 
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0 
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0 

81 
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Rese rvo i r 

0 
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0 

97 

4 . 2 , 2 OC-2 Hea t -Trans fe r Data 

The purpose of the heat t ransfe r exper iment with the OC-2 cell 
was to deternnine: 

1. E m i t t e r - h e a t e r powers for var ious emi t t e r t e m p e r a t u r e s 
(negligible emi t t e r e lect ron cooling). 

2. Effectiveness of regulating the collector t empera tu re with 
argon and /o r hel ium 

The exper imenta l configuration consisted of the Mark VI OC-2 
out-of-pile prototype cell sealed into a Tr iga fuel-element tube i m m e r s e d 
in a cooling tank filled with circulat ing water miaintained at about 60 F . 
The conver ter was ins t rumented with 16 thermocouples dis t r ibuted as 
follows: 

Emi t t e r - 4 

Collector - 5 

Insulator - 2 

Rese rvo i r - 2 

Emi t t e r Bus - 2 

Nickel Tube Heater - 1 
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Four of the col lector thermocouples were located for use in cal ibrat ing 
the heat flow through the col lector in the rad ia l d i rec t ion . 

The emi t t e r power input required to heat the emi t t e r to a given 
t empera tu re is shown in F i g . 23 for two different days . At I9OOOC, the 
power input range was between 580 and 635 wa t t s . With the emi t t e r 
a r ea of 13.95 cm^ (6.25 in. d iam, 1.1 in. long), the power inputs cor ­
responds to 4 1 . 5 and 45. 5 w a t t s / c m ^ , respec t ive ly . Explanations for 
the observed differences a r e : 

1. Changes in the rat io of filament power to the bombardment 
power a l te r the emi t te r t empera tu re dis t r ibut ion. 

2. The electrode emiss iv i t i es change with t i m e . (It was noted 
in the pos t -opera t ional inspection of OC-2 that considerable 
blackening of the collector o c c u r r e d . ) 

Using the data presented above, the effective emiss iv i ty of the 
OC-2 cell was calculated to be about 0 . 25 . If the tungsten emiss iv i ty is 
0 . 3 , which is the maximunrt expected for the clean m a t e r i a l , the computed 
value for the niobium collector is 0 . 6 . This would indicate an inc rease 
in emiss iv i ty by a factor of 2 over the expected clean value . 

Collector cooling is accomplished by radiat ion and by the addition 
of gases into the annular space between the collector outer surface and 
the fuel elemient containment tube. The effect of the gas p r e s s u r e upon 
the collector t e m p e r a t u r e is shown in F i g . 24 for an emi t t e r t empe ra tu r e 
at 1900°C. F igure 24 a lso shows the collector t empe ra tu r e at about 
900*^C in a vacuum. The addition of 1 a tmosphere of argon or hel ium is 
shown to cool the collector to 840°C or 470°C, for argon or hel ium 
respec t ive ly . 

In F ig . 24, ve ry little effect on the collector t e m p e r a t u r e is observed 
for var ia t ions in gas p r e s s u r e between 3 and 20 ps ia . Below 3 psia , the 
collector t empera tu re i nc reases rapidly to its vacuum value as the p r e s ­
sure is reduced. On the bas i s of this information, mix tu res of argon and 
helium a r e used to give a coarse regulation of the col lector t e m p e r a t u r e . 
The fine control is provided by the collector hea t e r . P r e s s u r e s g r e a t e r 
than 1 a tmosphere a r e maintained to reduce the leakage of a i r into the 
tube should the seal be defect ive. 

When the conver ter is operated at high e l ec t r i ca l c u r r e n t s , consid­
erably g rea t e r power production will be required than for this z e r o -
cur ren t t e s t . If OC-2 had been run as a ces ium conver te r , the power 
input to the emi t te r would be g rea t e r by approximately an additional 
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amount equal to I ($-g, + 2kT„) , where 

I = current 

emi t te r work function 

emi t t e r t empera tu re 

Boltzmann' s constant 

At T E = 1900°C and I = 10 a m p / c m , the additional power removed 
from the emi t te r by e lect ron cooling would have been about 500 wat t s , 
making the effective total power input to the emi t te r about 1100 watts or 
80 w a t t s / c m . During the t e s t , 1100 watts were produced in the emi t t e r 
and collector heater combined, while the tube p r e s s u r e was maintained 
at about 1 a tmosphere of hel ium. At this power input, collector t e m p e r a ­
tu re s at Thermocouples 11 and 12 were recorded as 675°C and 655°C, 
respect ive ly . This tes t indicated that adequate collector cooling was 
provided for the Mark VI design for ces ium-diode operat ion. 

4 . 2 . 3 Test Data from OC-3 

A third out-of-pile cell , OC-3 , was operated as a ces ium cell and 
data were obtained pr ior to the f irs t in-pi le t e s t . The emi t te r of OC-3 
was 98% W - 2% Mo alloy and contained UC fuel pins in the tungsten wall . 
The radia l spacing between the emit ter and collector was 0.010 in. 

The f i rs t exper iment performed with this cell was a s e r i e s of 
emi t te r heating exper iments at low cesium t empera tu re and open-c i rcu i t 
conditions. The data obtained a re shown in F ig . 25» These data, along 
with that of F ig . 23» were par t icu la r ly useful for establishing a cor re la t ion 
between reac to r power level and fission power generat ion in the fuel-
emi t te r of the in-pi le exper iments . 

The exper iments were continued on OC-3 to de te rmine i ts operating 
cha rac te r i s t i c s at emi t te r t e m p e r a t u r e s of 1500°C and 1600°C. Data 
obtained at 1500°C a re shown in F i g s . 26 through 28. These data indicate 
the existence of an ignited and unignited mode of operat ion at this emi t te r 
t e m p e r a t u r e . After optimizing cell operating p a r a m e t e r s at this emi t t e r 
t e m p e r a t u r e , a maximum power output of 18 w (1.3 w / c m ) was obtained 
at a cesium t empera tu re of 310°C and an e lec t r i ca l power input of 415 w. 
This yields an ove r - a l l cell efficiency of 4. 5 percen t . 

Data obtained at an emi t te r t empera tu re of 1700°C a r e shown in 
F i g s . 29 and 30. Under these conditions, a maximum power output of 26 w 
was attained with a ces ium t empera tu re of 33 0°C and a power input of 
598 w. The ove r - a l l operating efficiency was 4 .4 percent . In F ig . 3 1 , 
the emi t te r t empera tu re is shown as a function of the power input frorct the 
Mark VI t e s t s , OC-2 and O C - 3 . At t e m p e r a t u r e s below 1200°C, the power 
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input to these cells was near ly equal, but at higher t e m p e r a t u r e s , OC-3 
required g rea te r power input for a given emi t te r t e m p e r a t u r e . 

During the p re l imina ry exper iments on OC-3 , the cell per formance 
degraded rapidly, and both emi t te r thermocouples eventually failed. 
F u r t h e r exper iments were a t tempted, but the resu l t s a re inconclusive 
without emi t te r t e m p e r a t u r e s . 

The cell was d i sassembled for examination in an iner t a tmosphe re . 
About 1/2 g ram of ces ium remained in the ces ium wel l . The emi t t e r 
appeared bright and shiny; however, the collector had a da rk deposi t . 
This deposit was da rke r and thicker at the ends of the col lec tor . The 
emi t te r and collector were checked by alpha counting to de te rmine if the 
uranium had diffused through the tungsten. The resu l t s were negat ive. 
The cell was then assembled in a vacuum bell j a r station and vacuum 
emiss ion data were taken. The emi t te r work function was calculated to 
be about 4 .3 ev, which compares to the value for tungsten. 

X - r a y diffraction analyses of the inner surfaces at the ends of the 
collector showed that the deposi ts contained niobium oxide and niobium 
dioxide. Emiss ion m a s s spec t romet ry analyses showed that the loose 
black deposi ts on the collector flange surfaces contained 4 percent ces ium. 

The ove r - a l l conclusion from OC-3 pos t -opera t iona l d i s a s se smbly 
and operat ion is that a source of gas was leaking into its in te r io r during 
the ini t ial phases of operat ion. This could have been a v i r tua l source 
from a b reak in the therm.ocouple sheath. 

4 .3 IN-PILE TEST DATA 

Three in-pile t e s t s were per formed. The tes t cells with fuel-
emi t t e r s of UC canned in tungsten were designated IC-1 and I C - 1 ' . The 
thi rd cell employing an unclad UC-ZrC fuel -emit ter was designated as 
IC-2 . 

4 . 3 . 1 Test Data from IC-1 

Operation of the IC-1 cell in the Tr iga Mark F r eac to r commenced 
on March 18, 1963 and continued through March 20. A total of 21 opera­
t ional hours were accumulated on this cel l . The maximum observed power 
output near the end of the operat ing t ime was approximately 5 w / c m with 
an emi t te r t empe ra tu r e of 1750°C, collector t empera tu re of 900°C, and 
cesium t empera tu re of 330°C. This power densi ty was obtained at 0 .8 v 
and 86 a m p . The efficiency is es t imated to be between 11 and 12 percent 
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at the maximum power output. 

The operat ions were complicated by var iable shunting r e s i s t ance be ­
tween adjacent ins t rumentat ion leads about 6 in. above the ce l l . During the 
operat ions ,methods were developed for measur ing this shunting r e s i s t ance 
and calculating the cur ren t through it . After 21 hou r s , the value of the 
shunting res i s t ance became so low that it was no longer possible to make 
rel iable m e a s u r e m e n t s . 

On March 20, the conver ter was moved from the reac tor core and 
a t tempts were made to fix the ins t rumentat ion difficulties. The conver ter 
was again inser ted in the reac tor on March 21 and the reac tor was operated 
for approximately 4 h o u r s . However, this additional operation showed 
that the a t tempts at r epa i r had been unsuccessful . 

The tes t assembly was then moved to the Hot Cell where it was 
examined. After removal of the secondary containment can, the cell and 
i ts associa ted ins t rumentat ion were examined. The a r ea of the short 
appeared to be just above the cell in the region of the emi t te r s tem hea t e r . 
The exter ior surfaces of the re f rac tory meta l s of the cell itself had oxi­
dized considerably due to outgassing of the cell a s sembly m a t e r i a l s during 
operat ion. The containment was periodical ly purged during the operating 
period, but this is not sufficient for tantalum and niobium. In subsequent 
t e s t s , the containment was continuously purged with purified hel ium and /o r 
neon. Neon was used instead of argon for the low conductivity iner t g a s . 
The radioactivi ty of the argon leaving the reac to r is too high to pe rmi t 
exhausting to the a tmosphere even at ve ry low flow r a t e s . 

The problem of shorting in the ins t rumentat ion leads was alleviated 
by providing more rigid spacing insulation between l eads . 

The emi t te r of IC-1 appeared to be in good condition. There was no 
apparent react ion between the fuel and the 98% tungsten - 2% molybdenum 
alloy which was the emi t t e r m a t e r i a l . The joint between the emi t t e r cap 
and the emi t t e r was sti l l in tegra l and it is believed that it was leak t ight . 
The mechanical bond between the tantalum stem and the emi t te r was also 
in tegra l . The insulator and collector inside surfaces were in very good 
condition as compared to s imi la r surfaces of the OC-3 out-of-pile ce l l . 

The data obtained from the in-pi le tes t a r e given in F i g s . 32 and 33. 
The short testing t ime did not pe rmi t investigation of optimum operat ing 
condit ions. However, the data compared favorably with data from other 
out-of-pile ce l l s . The conclusion from the compar ison in F i g . 33 is that 
the thermionic performance of the in-pi le cell was super ior to that of the 
OC-3 out-of-pile cel l . This s t rengthens the conclusion that OC-3 suffered 
a dec rea se in power output due to degradat ion in surface c h a r a c t e r i s t i c s . 
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The inside surfaces of I C - i were in excellent condition as compared to 
the surfaces of O C - 3 . 

4 . 3 . 2 Tes t Data from IC-2 

On Apri l 15, 1963, the second in-pi le tes t on Cell IC-2 was ini t iated. 
This cell had the unclad 30 UC-70 ZrC fuel emi t te r shown in F ig . 17; the 
cell a ssembly is shown in F ig . 34. The cell was operated for about 12 
h o u r s . The output was very low, indicating the possibi l i ty of a poisoned 
sur face . The cen t ra l fuel-emtitter t empera tu re was 1750'^C. When the 
ces ium tempera tu re was ra i sed from 180°C to 300°C, the output power 
continuously dec rea sed . 

The next approach was an at tempt to activate the emi t te r sur face . 
The t empera tu re was ra ised to 1860°C with the cesium t empera tu re at 
200 C. This was maintained for 1 hour to evaporate the oxide from the 
emi t t e r sur face . The emi t t e r t empera tu re was then dec reased to 1600°C 
and the cesium t empera tu re was ra i sed to 260°C. F o r a short t ime , the 
cur ren t i nc reased , but after a few minutes it dec reased to the previous 
va lues . 

The IC-2 cell was operated for about 14 hours in further a t tempts 
to diagnose the difficulty and then the tes t was t e rmina ted . This cel l will 
be examined in the Hot Cell , It is possible that the above anomalous 
behavior was due to an iner t gas p r e s s u r e . A gas puncture device may be 
used to de te rmine the presence of gas inside the col lec tor . 

4 . 3 . 3 Tes t Data from I C - 1 ' 

On Apri l 16, 1963, the next cell with a tungsten-clad UC-fueled 
emi t te r was instal led and test ing was begun on Apr i l 17. This cell was 
the back-up to IC-1 and designated I C - 1 ' . The emi t te r was fabricated 
from the alloy 98W-2Mo. The modifications from the IC-1 configuration 
w e r e : 

1. The tantalum emi t t e r s tem was welded above the insulator to 
prevent the secondary containment gas from entering the hollow 
s t em. 

2. The ces ium r e s e r v o i r was niobium, replacing the nickel 
r e s e r v o i r used previously . 

3 . The insulator was welded to the tanta lum s tem, replacing the 
copper- t i tani i im. 

4 . The thermocouples were sealed into the tantalum s tem with 
copper replacing the z i rconium-bery l l ium b raze used previously . 
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The f irst data obtained were the open-c i rcui t emi t t e r t e m p e r a t u r e s 
as a function of r eac to r power, as shown in F i g . 35. The next data 
obtained were the performance at a constant r eac to r power of 800 kw 
with varying e l ec t r i ca l load. At each load condition, the ces ium r e s e r v o i r 
t empe ra tu r e was opt imized. The re su l t s a re shown in F i g . 36. The 
maximum power ineasured was 26 .8 w (~2w/cm ) at an emi t t e r t e m p e r a ­
ture of 1455°C and a ces ium t empera tu re of 330°C. 

The next t e s t p rocedure was to m e a s u r e the power output at a con­
stant emi t t e r t e m p e r a t u r e of 1800 C. The init ial per formance at a mean 
emi t te r surface t empera tu re of 1710°C is shown by the upper curve in 
F ig , 37. The maximum power output on this curve was 64 or 4 . 8 w / c m 
at 83 a m p . It is noted that the h igh- t empera tu re operat ion began 5 hours 
after the tes t was ini t ia ted. When it was at tempted to reproduce the curve, 
the power had degraded about 10 pe rcen t . This degradat ion continued for 
about 15 hou r s , as shown by F ig , 38. 

After 20 hours of total operat ion, the power output had degraded 
about 50 percen t , or about 2 .4 w / c m ^ . The data of F i g . 35 were used to 
estimate< the f iss ion power input to the cel l . A cor re la t ion of cell power 
ve r sus r eac to r power has been made between this data and the data from 
the operat ion of labora tory cel ls OC-2 and OC-3 which a r e given in F i g . 39. 
This cor re la t ion is given in F i g . 40 and was used to calculate the t he rma l 
efficiency. The maximum cell efficiency at the low emi t te r t empe ra tu r e of 
1455°C was 8.2 percen t . The maximum cell efficiency at the emi t te r 
t empera tu re of 1710°C was about 12 percen t . The degradat ion of efficiency 
is shown in F ig . 38. The final calculated efficiency was about 5.6 percen t . 
The degradationof thermionic power and efficiency dec reased for about 
20 hours of operat ion and then remained constant. After a tota l of 80 hours 
operat ion, the tes t was t e rmina ted . 

The observed degradat ion of performance was s imi la r to the out-of-
pile cell O C - 3 . Pos t -opera t ive examination of OC-3 showed that the 
collector surface was heavily oxidized. It i s believed that the source for 
oxidation was the thermocouple insulation, after i ts sheath developed a 
c rack . This cell is now awaiting Hot Cell examination. 
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V. FAST REACTOR SYSTEMS 

P a r a m e t r i c studies have been per formed on in-pi le space thermionic 
r eac to r s y s t e m s . In the r eac to r design, the nuclear thermionic and hea t -
t ransfer per formance of r e a c t o r s at each power level were considered. 
F o r comparison two liquid meta l coolants were a s sumed , Li and NaK. 
In addition to the r e a c t o r , other components considered in these studies 
were the coolant pump and r ad i a to r . The p rob lems of shielding, dc - to -ac 
convers ion, and detailed s t ruc tu ra l design have not been investigated in 
detai l . The mos t c r i t i ca l of these is the dc - to -ac conversion equipment 
which has inadequate data for ana lys i s . 

5. 1 GENERAL FEATURES 

Each r eac to r was a ref lector-moderated-and-controUed fast r eac to r 
utilizing in-pi le the rmion ics . The r eac to r was cooled by liquid meta l 
which was c i rcula ted by e lec t romagnet ic pumps to a s ingle-phase rad ia to r 
sys tem. 

5 . 1 . 1 Bas ic Assumptions 

The basic assumpt ions used in these design studies were : 

(1) Utilizing the bas ic fuel e lement design (W-clad UC-ZrC emi t t e r , 
Mark VI cell) th ree fuel composit ions were a s sumed , i . e . , 
U C / Z r C ra t ios of 90/10, 50/50 and 30/70 utilizing fully 
enriched U-235. 

(2) F o r each fuel composit ion, a min imum-s i ze r eac to r was de t e r ­
mined under the assumption of suitable excess react iv i ty for a 
10, 000-hour life. 

(3) Assuming a maximum allowable fuel center line t empera tu re of 
1900°C, t he rma l and thermionic analyses were per formed on 
the sys tems to de termine the specific ther ina l power operation 
and the e l ec t r i ca l power output for each sys t em. 

(4) In considering the l iquid-metal cooling of these s y s t e m s , it was 
assumed that the NaK and Li sys tems were l imited to design 
t e m p e r a t u r e s of 1300OF and 2000°F, respec t ive ly . In al l c a s e s , 
t empe ra tu r e s and flow data were es t imated using the average 
flow-channel concept. A uniform heat input along the channel 
was a s sumed . No hot-channel factors were applied and no 
a t tempt was made to optimize flow r a t e s on an ove r - a l l weight 
b a s i s . 
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(5) Finned-tube radia tor configurations were a s sumed for sys tem 
performance e s t ima te s . The c r i t e r i a that the radia tor coolant 
p r e s s u r e drop was equal to the r eac to r core p r e s s u r e drop was 
used to es t imate the tube length, rad ia tor aspect ra t io , and 
manifold tube d iameter . 

(6) The coolant pump per formance es t imates were based upon the 
conceptual design of h igh- tempera tu re e lec t romagnet ic pumps . 

5 .1 ,2 System Size 

Over -a l l system configurations were not cons idered in detai l . How­
ever, for all sys tems the size of the r eac to r and radia tor were es t imated . 
These es t imates a r e shown in Tables 4 and 5. 

Table 4 

SIZES OF REACTOR COMPONENTS 

Power Level 
(ekw) 

80 
230 

2000 

Core Diameter 
(inches) 

9 .3 
12.0 
23 .3 

Gore Length 
(inches) 

9.6 
12.6 
21.6 

Reflector Thickness 
(inches) 

2.0 
2.0 
2.0 

Table 5 

RADIATING AREA FOR TUBE AND FIN RADIATORS 

Power Level 
(ekw) 

80 
230 

2000 

NaK System 
(area in ft^) 

454 
1430 

10, 000 

Li System 
(area in ft ) 

107 
324 

2,480 

5 . 1 . 3 Operating P a r a m e t e r s 

The es t imated operating p a r a m e t e r s for each r eac to r for a nominal 
10, 000-hour life a r e summar ized in Tables 6, 7 and 8. 
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Table 6 

OPERATING PARAMETERS OF THE 80 KW(E) REACTOR 

General Cha rac t e r i s t i c s 
Reactor the rmal power , . . , , . 
E lec t r i ca l output , . . . , , . . . , 

Reactor Cha rac t e r i s t i c s 
Configuration . , . . , 
U-235 Loading 
Fuel composit ion „ . . . , . . . . , 
Median fission energy . , , . , , 

E lec t r i ca l Cha rac t e r i s t i c s 
Average cu r ren t densi ty/diode , 
Average power densi ty/diode , . 
Number of d iodes/module . . . . 
Power output/module . 
Cesium r e s e r v o i r t empera tu re 

1, 100 kw 
80 kw(e) 

Right cylinder 
55 kg 
90% UC -10% ZrC 
0. 48 Mev 

11.7 a m p s / c m 
6,35 w(e)/cm'^ 
110 
376 amps at 54 volts 
623°K 

Table 7 

OPERATING CHARACTERISTICS OF THE 230 KW(E) REACTOR 

General Cha rac t e r i s t i c s 
Reactor the rmal power 
E lec t r i ca l output . . . . 

3, 330 kw 
80 kw(e) 

Reactor Cha rac t e r i s t i c s 
Configuration 
U-235 loading . . . . . . . . . . . . 
Fuel composit ion 
Median fission energy . . . . . . 

E lec t r i ca l Cha rac t e r i s t i c s 
Average cu r r en t densi ty/diode , 
Average power densi ty/diode . . 
Number of diode/module , . , , , 
Power output/module . . . . . . . 
Ces ium r e s e r v o i r tenaperature 

Right cylinder 
80 kg 
50% UC - 50% ZrC 
0. 32 Mev 

16, 5 a m p s / c m 
7, 18 W(e)/cm2 
96 
300 amps at 41, 5 volts 
623°K 
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Table 8 

OPERATING CHARACTERISTICS OF THE 2000 KW(E) REACTOR 

General Cha rac t e r i s t i c s 
Reactor the rmal power 
E lec t r i ca l output 

Reactor Cha rac t e r i s t i c s 
Configuration 
U-235 loading . 
Fuel composition 
Median fission energy 

E lec t r i ca l Cha rac t e r i s t i c s 
Average cur ren t densi ty/diode 
Average power densi ty/diode . 
Number of diode/niodule . . . . 
Power output/module 
Cesium r e s e r v o i r tem^perature 

5 . 1 . 4 System Weights 

Es t imated weights of the comiponents of each sys tem a r e given 
in Tables 9, 10, and 11. 

Table 9 

ESTIMATED WEIGHTS OF 80 KW(E) SYSTEM 

Component 

Core 
Reflector 
Radiator 
Pumps 

Total 

NaK Cooled 

Weight 
(lb) 

234 
133 
297 

54 
718 

Specific Weight 
(lb/kw(e)) 

2 .93 
1.67 
3. 71 
0.68 
8.99 

Li Cooled 

Weight 
(lb) 

234 
133 
121 
40 

528 

Specific Weight 
(lb/kw(e|) 

2 .93 
1. 67 
1. 51 
0. 50 
6.60 
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27, 000 kw 
2, 000 kw(e) 

Right cylinder 
187 kg 
30% UC -70% ZrC 
0. 18 Mev 

15. 2 a m p s / c m ^ 
7.25 w(e)/cm2 
96 
184 amps at 51, 6 vo 
623°K 



Table 10 

ESTIMATED WEIGHTS OF 230 KW(E) SYSTEM 

Component 

Core 
Reflector 
Radiator 
Pumps 

Total 

NaK Cooled 

Weight 
(lb) 

446 
208 

1106 
JOl 

1861 

Specific Weight 
(lb/kw(e)) 

1. 94 
0. 91 
4. 81 
0. 44 
8. 10 

Li Cooled 

Weight 
(lb) 

446 
208 
454 

74 
1. 181 

Specific Weight 
(3b/kw(e)) 

1. 94 
0. 91 
1.97 
0. 32 
5. 13 

Table 11 

ESTIMATED WEIGHTS OF 2000 KW(E) SYSTEA/l 

Component 

Core 
Reflector 
Radiator 
Pumps 

Total 

NaK Cooled 

Weight 
(lb) 

2622 
658 

13,040 
690 

17, 010 

Specific Weight 
(lb/kw(e)) 

1. 31 
0. 33 
6. 52 
0. 35 
8. 51 

Li Cooled 

Weight 
(lb) 

2622 
658 

4,892 
500 

8. 666 

Specific Weight 
(lb/kw(e)) 

1, 31 
0. 33 
2 .45 
0. 25 
4. 34 

5. 2 POWER FLATTENING 

The effect of a non-uniform fission power distribution upon the t h e r ­
mionic per formance as a function of load voltage is shown for each sys tem 
in F i g s . 41 , 42, and 43 for two cesiunn t e m p e r a t u r e s . F o r compar ison, 
the per formance of each fuel element is shown under flat power generat ion 
conditions. F r o m the r e su l t s , it is obvious that power flattening techniques 
must be uti l ized on any reac tor which employs thermionic genera tor in-
pile. Fuel zoning provides the most d i rect naethod for power flattening in 
fast r eac to r sy s t ems . However, there a r e ser ious disadvantages to this 
approach in thermionic r e a c t o r s because of the complicat ions involved in 
varying the fuel content of various diodes appropr ia te ly to achieve the 
des i red power flattening capabili ty. A nnore reasonable approach appears 
to be that of adjusting the ref lector th ickness in o rde r to maintain a flat 
power generat ion rate over a large fraction of the core . F igure 44 shows 
the effect on the power generat ion ra te that can be obtained with this type 
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of approach. The power generat ion ra te in the case of a 6-inch ref lector 
(as shown in this figure) i s quite flat over a l a rge fraction of the core 
volume. Additional s teps would have to be taken, however, to accommo­
date the power peak nea r the core ref lector in terface . 

5. 3 CONTROL METHODS 

P r e l i m i n a r y es t imates on the feasibili ty of ref lector control for the 
thermionic r e a c t o r have been made. Fo r the sys tems studied, it appears 
that adequate shutdown control can be provided by removable side re f lec ­
t o r s which would be locked in place during operat ion. Shim control to 
maintain constant reac tor power could conceivably be obtained by re la t ive ­
ly smal l d isplacements of the end ref lec tors since only a very smal l r e ­
activity change is introduced by fuel burnup and fission product build-up 
throughout the r eac to r l i fe t ime. 

The coupling between the reac to r control sys tem and the conversion 
system has been examined with respec t to the change in the distr ibution of 
fission power production during the expected lifetime and the effect of this 
change on the thermionic pe r fo rmance . Below 1 Mw(e) this change in 
power distr ibution would not be sufficient to effect thermionic pe r fo rmance . 
As the power level is inc reased (for conapact sys tems) to much above 
1 Mw(e) the effect would become more severe and would have to be inves t i ­
gated in detail . 

The kinet ics of fast thermionic r eac to r sys tems presen t unique 
prob lems , p r ima r i l y because the t h e r m a l - t o - e l e c t r i c a l power conversion 
ta.kes place direct ly within the fuel element and because the mechan i sms 
for energy t ransfer fronn the fuel to the coolant a r e considerably different 
from those encountered in a conventional r eac to r . One pecul iar i ty of 
thermionic systemis i s the pa ra l l e l a r r angemen t of the heat dump and 
e lec t r i ca l sys tem. Any demand for e lec t r i ca l power will lead to an in­
c r e a s e in the cu r ren t production of the diodes with an accompaning e lect ron 
cooling effect. However, th is effect involves only a smal l pa r t of the 
power since most of the power is dumped. In addition, the t empe ra tu r e 
of the thermionic emi t te r va r i e s relat ively slowly with the input fission 
power to the emi t t e r because of the mode of energy t rans fe r (electron and 
radiat ive cooling). Hence, the relat ionship between reac to r t he rma l power 
and the e lec t r i ca l power output is quite complicated. However, the genera l 
problem of thermionic r eac to r kinet ics should be cons idered in some 
detail in o rde r to identify the features of the over -a l l sys tem. 
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5.4 HEAT-REJECTION SYSTEM 

For the th ree r eac to r power levels , tennperatures and flow data 
have been es t imated for both NaK and Li coolants . Approximately the 
same p r e s s u r e drops for both coolants at each power level were used. 
Coolant flow ra tes and t e m p e r a t u r e s a re given in Tables 12, 13 and 14. 

Table 12 

80 KW(E) SYSTEM COOLANT SUMMARY 

Coolant NaK 

Number of coolant s u b - a r r a y s 4 
Fuel e lements per s u b - a r r a y 18 
Coolant m a s s flow ra te per s u b - a r r a y . . . . . . 5 l b / s e c 
Coolant inlet t empe ra tu r e 1100°F 
Coolant outlet t e m p e r a t u r e ISOO^F 
Coolant sys tem p r e s s u r e 15 psia 
P r e s s u r e drop, total . . . .̂ , 2 .0 psi 
Maximum fuel t e m p e r a t u r e 3430'^F 
Average film t e m p e r a t u r e drop 64°F 

No hot channel factor applied. 

Lithium 

4 
18 
3. 7 l b / s e c 
i942°F 
2000°F 
6 psia 
1. 8 psi 
3430OF 
34°F 

Table 13 

230 KW(E) SYSTEM COOLANT SUMMARY 

Coolant NaK 

Number of coolant s u b - a r r a y s 18 
Fue l e lements per s u b - a r r a y 12 
Coolant m a s s flow ra te per s u b - a r r a y 2 .5 l b / s e c 
Coolant inlet temiperature 1033°F 
Coolant outlet t e m p e r a t u r e 1300°F 
Coolant sys tem p r e s s u r e 15 ps ia 
P r e s s u r e drop, total 2 .5 psi 
Maximum fuel t e m p e r a t u r e ' 3420 F 
Average film t e m p e r a t u r e drop 64 F 

No hot channel factor applied. 

Lithium 

18 
12 
1. 8 l b / s e c 
1922°F 
2000OF 
6 psia 
2. 0 psi 
3420°F 
53°F 
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Table 14 

2000 KW(E) SYSTEM COOLANT SUMMARY 

Coolant NaK Lithium 

Number of coolant s u b - a r r a y s 70 70 
Fuel e lements per s u b - a r r a y 18 18 
Coolant miass flow ra te per s u b - a r r a y . . . . . . . . 12 l b / s e c 8. 8 l b / s e c 
Coolant inlet t empe ra tu r e 1249°F 1960°F 
Coolant outlet t empera tu re . . . . . . . . . . . . . . . 1300°F 2000°F 
Coolant sys tem p r e s s u r e . . . . . . . . . . . . . . . . . 15 ps ia 6 psia 
P r e s s u r e drop, t o t a l . 2 .2 psi 2. 2 psi 
Maximum fuel t empe ra tu r e* 3330°F 3330°F 
Average film t e m p e r a t u r e drop . 55°F 30 F 

No hot channel factor applied. 

Estimiations of rad ia tor per formance were based upon finned-tube config­
ura t ions using niobium-1%, zirconium tubes . Summar ies of the c h a r a c t e r ­
i s t ics of the es t imated rad ia tor designs a re given in Tables 15, 16, and 17. 

Table 15 

80 KW(E) SYSTEM RADIATOR SUMMARY 

Coolant NaK Lithium 

Ntimber of tubes 53 46 
Tube length 5. 5 ft 3. 3 ft 
Tube inside d iameter 0. 5 in. 0. 5 in. 
Tube thickness 0. 020 in. 0. 020 in. 
Tube pitch . 0. 763 ft 0. 343 ft 
F in th ickness 0. 020 in. 0. 025 in. 
Aspect ra t io 3.7 2 .4 
Manifold length, half 40. 5 ft 15. 8 ft 
Manifold inside d iameter 1. 50 in. 1. 39 in. 
Manifold tube th ickness 0. 060 in. 0. 056 in. 
Manifold a r m o r thickness . . . . . . . . . . . . . . . . 0. 103 in. 0. 071 in. 
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Table 16 

230 KW(E) SYSTEM RADIATOR SUMMARY 

Coolant NaK Lithium 

Number of tubes . . . , . . . , . , . 116 99 
Tube length 8. 0 ft 4. ^ ft 
Tube inside d iamete r , . . . . . , , . . . , . . 0. 5 in. 0 .5 in, 
Tube th ickness . . . . . . . . . . . . . . . . . . . . . . . . 0. 020 in. 0. 020 in. 
Tube a r m o r thickness . . . . . . . . . . . . . . . . . . . 0. 140 in 0, 109 in 
Tube pitch . . . . . . . . . . . . . . . . . . . . . . . . . . 0. 768 ft 0. ?81 ft 
Fin th ickness . . . . . . . . . . . . . . . . . . . . . . . . . 0, 020 in. 0,0 M) in 
Aspect ra t io . . . . . . . . . . . . . . . . . . . . . . . . . 5.6 4 4 
Manifold length, half . . . , , . , . , . . , . . , . . . , 89- 3 ft 37. 6 ft 
Manifold inside d iamete r . . . . . . . . . . . . . . . . . 2. 00 in, 1 85 in. 
Manifold tube th ickness . . . . . . . . . . . , , > , . . 0, 080 in, 0 074 m. 
Manifold a r m o r th ickness . . . . . . . . . . . . . . . . 0. 134 in, 0 094 in 

Table 17 

2000 KW(E) SYSTEM RADIATOR SUMMARY 

Coolant NaK Lithium 

Number of tubes 266 157 
Tube length 17. 4 ft 15. 5 ft 
Tube inside d iamete r 0 .5 in. 0. 75 in. 
Tube thickness 0. 030 in. 0. 030 in. 
Tube a r m o r thickness 0. 270 in. 0. 206 in. 
Tube pitch 1. 11 ft 0. 506 ft 
Fin th ickness 0. 045 in. 0. 050 in. 
Aspect ra t io 4. 2 2 ,6 
Manifold length, half 295 79. 7 ft 
Manifold inside d iamete r 4. 58 in. 3. 80 in. 
Manifold tube th ickness . . . . . . . . . . . . . . . . . 0. 100 in. 0. 100 in. 
Manifold a r m o r th ickness 0. 25] in. 0. 147 in. 

Meteoroid protect ion was assumed to be provided by beryl l ium and 
beryl l ia a r m o r for both sys ten i s . Although beryl l ium has an a r m o r 
figure of m e r i t which is approximately a factor of 2 super ior to beryl l ia 
at 13 00°F , the high vapor p r e s s u r e , lower s t rength, and lower figure of 
m e r i t of bery l l ium at 2000°F indicate that BeO is a more promising a r m o r 
candidate m a t e r i a l for h igh- tempera tu re application. In addition, the rmal 
expansion p rope r t i e s of beryl l ia a r e close to those of niobium and consid­
erab le i r rad ia t ion data exis ts for this m a t e r i a l . 
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Appendix 

STATUS OF THERMIONIC FISSION HEAT 

CONVERSION TECHNOLOGY 

This Appendix is intended as a brief summary of thermionic technol­
ogy covering cell t e s t s , in-pile and out-of-pile life t e s t s , fuel e lement 
design studies and the status of m a t e r i a l s r e s e a r c h . 

A. CESIUM CELL TESTING RESULTS 

1. Nature of Cells Tested 

The na ture of ces ium cel ls tes ted can be i l lus t ra ted as follows: 

a. Unclad fue l -emi t te r 

(mixture of fuel and (a) In-pile f ission heated 
emit ter ma te r i a l (b) Out "pile e lec t r ica l ly 

heated 

Clad fuel -emit ter 

(nuclear fuel clad with (a) In-pile fission heated 
emi t te r mate r ia l ) (b) Out-of-pile e lec t r ica l ly 

heated in absence of fuel 

There have been no repor t ed out-of-pile l i fe - tes t r e su l t s on cel ls 
containing clad fue l -emi t t e r s , although such t e s t s a r e cur ren t ly being 
per formed at General Atomic and in a number of other l abo ra to r i e s . 
Numerous out-of-pile studies of clad cel ls containing no fuels have been 
made. The r e su l t s , as i l lus t ra ted in F ig . A - 1 , ' ^ ' however, , should not 
be cons idered a s life t e s t s because of the absence of one of the most 
important ingredients of a fission heated conversion cel l , 

2. Tes t Results 

The re su l t s so far obtained a r e summar ized in Table A - 1 . 
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Table A- 1 

TEST RESULTS 

Year 

1960 

1961 

1961 

1962 

1962 

1960 

t o 

1963 

1961 

1963 

1963 

Cathode Material 
(at-%) 

90 U C - 10 ZrC 

30 U C - 7 0 ZrC 

30 U C - 70ZrC 

30 UC - 70 ZrC 

30 U C - 70ZrC 

10 U C - 90ZrC 

10 U C - 90ZrC 

Mo-clad UO2 

Mo-clad UO2 

W clad UC 

Cathode Tempera ­
ture (OC) 

- 2 0 0 0 

~2000 

-^2000 

- 2 0 0 0 

- 2 0 0 0 

1730 

1730 

1900 

1730 

1730 

1700 

1350 

1710 

Electrode 
Spacing 
(mils) 

A, On In 

20 

40 

40 

40 

40 

B. On Out-( 

10 

10 

10 

10 

10 

C. On Ii 

30 

7 

10 

Power Outpvit 
(watt/cm'i ) 

-Pi le Unclad C 

12 

12 

16 

10 

17 

D£-Pile Unclad 

1. 5 

1, 5 

4 

1. 5 

1. 5 

i -Pi le Clad Cel 

3. 5 

2 

2. 5 - 5 

Time of 
Operation 

(hrs) 

2lls 

20 

230 

284 

48 

112 

Cells 

1750 

1500 

150 

1000 

480 

Is 

63 

283 

80 

Efficiency 
(%) 

10 

8 

7 

-

9 

-

-
-
-

11 

-

Mode of Fai lure 

Elect r ica l shor t ­
age due to vapor­
ization and con­
densation of 
cathode n^aterial 

Cathode broken 

Ceramic seal 
broken 

Leakage in cell 
envelope 

Shortage due to 
cathode disalign-
ment 

Leakage in cell 
envelope in all 
cases 

Siiortage inbide 
cell 

Power output de­
clined after ternp 
e ra tu re ra ised 
to 1500°C;reason 
unknown 

Turned off 
deliberately 

Testing 
Par ty 

General 
Atomic 

Los 
Alamos ' 

Los 
Alamos 

Los 
Alamos 

Los 
Alamos' 

General 
Atonaic 

General 
E lec t r ic ' 

RCA 

General 
Atonnic 
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3. Discussion 

Although the r e su l t s in Table A-1 a r e self-explanatory, severa l 
points a r e worthy of further d iscuss ions . 

a. The data in F ig . A-1 indicates that empir ical ly the power output 
of a cesiuna cell i nc r ea se s with the emit ter t e m p e r a t u r e . This is also 
borne out qualitatively by the tes t r esu l t s shown in Table A - 1 . 

b . The operating t empera tu re of the out-of-pile unclad cell is l imite 
not by the p roper t i e s of the 10 UC-90 ZrC emi t t e r itself, but by the i n t e r ­
action between the carbide and the Ta support separat ing the ces ium cell 
from the electron gun chamber . Since this problem does not exist in the 
in-pile cell configuration, the resu l t s in Table A-1 should not be used to 
set the l imi ts of the life and performance of in-pile carbide ce l l s . 

c. Since most of the fueled cel ls were fabr icated and tes ted before 
the fabrication techniques were refined and the ma te r i a l s p roper t i e s were 
thoroughly studied, these t e s t s should be considered a s demonst ra t ions 
and should not be used to judge the feasibility of thermionic f iss ion-heated 
conversion sys t ems . Fa i lu re by faulty fabrication p rocedures can be over 
come by improving the fabrication techniques, while failure by m a t e r i a l 
l imitat ions can be avoided by understanding the cr i t ica l ma te r i a l problems 
involved. Refinement of cell fabrication techniques is being actively p u r ­
sued by worke r s in this field and the increas ing understanding of the 
cr i t ica l ma te r i a l s problem has made it possible to select the m a t e r i a l s 
and the operating conditions more intelligently. Both should contribute 
great ly to the real izat ion of more successful cell tes t ing. 

B. STATUS OF FUEL ELEMENT DESIGN 

Initial pa r ame t r i c studied and pre l iminary design studies of ther­
mionic r e a c t o r s have been based upon the mul t i -ce l l s e r i e s thermionic 
fuel element concept. In this concept it is as sunned that the thermionic 
cel ls a r e a r ranged within a cyl indrical fuel element with the cel ls con­
nected in s e r i e s , so that the final a r r a y r e semble s a mult ibat tery f lash­
light. P a r a m e t r i c surveys have been made on conceptual r e a c t o r s com­
posed of this type of element to examine the nuclear design and heat r e ­
moval p rob lems so that p re l iminary guidelines can be establ ished for the 
fuel element design based upon fuel loading, power flattening and coolant 
system requ i r emen t s . Considerat ions such as these re la te direct ly to the 
ma te r i a l s development p r o g r a m . In addition to the p a r a m e t r i c surveys , 
calculational tools have been developed at General Atomic with which 
detailed neutronic, thermionic and t he rma l ana lys is can be perfornaed. 
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1, P a r a m e t r i c Studies 

(a) Fuel Loading - F o r a pa r t i cu la r fuel e lement design and a s sumed 
thermionic cell per formance , a nainimum size (minimum mass ) r eac to r 
can be specified that will produce a given e lec t r ica l power output. The 
fuel fraction of the r eac to r is r e s t r i c t ed by the fuel element design. How­
ever , the enr ichment of the uranium concentration in the fuel must be 
sufficient to maintain the reac tor power throughout the life of the sys tem. 
Hence, meta l lurg ica l investigations of fuel-emit ter s can be re la ted quali ta­
tively to par t i cu la r r eac to r sy s t ems . This type of analys is has been p e r ­
formed in conjunction with the p resen t s e r i e s of capsule i r r ad ia t ions . 
F igure A-2 shows the qualitative relat ion between the atom percent UC in 
UC-ZrC and the nominal e lec t r ica l power output of a minimum m a s s 
reac tor employing UC-ZrC e m i t t e r s . 

(b) Power Flattening - A number of calculations have been made on 
the effect of nonuniform power generat ion on the per formance of a mul t i -
cell fuel element . The resu l t s of these calculat ions indicate that, if 
power flattening techniques a r e not employed in the r eac to r , the thermionic 
performance of the fuel element is ser iously degraded (factors of 2 or 
g rea te r ) compared with that of single ce l ls of the same design operating 
under comparable conditions. This type of r e su l t must be taken into 
account in the p r o g r a m of m a t e r i a l s development s ince, for example, it 
affects the choice of fuel employed. In par t i cu la r a nominal operating 
power of 300 ekw implies a UC concentrat ion of 50 to 60 atom% according 
to F ig . A-2 , If the degradation due to non-flat power is taken into account, 
the nominal power level drops to 150 ekw and the applicable concentrat ion 
range of UC inc rea se s to 80 atom%. In addition, if fuel zoning is employed 
to flatten the power, higher concentrat ions of UC would, in all probabili ty, 
be used in some p a r t s of the r eac to r . 

(c) Coolant System Requirements - Considerat ions for the removal 
of waste heat from the thermionic fuel element a r e strongly dependent on 
the specific fuel element design. Sandwich insula tors between the col lector 
and the fuel element cladding have general ly been a s sumed in p re l imina ry 
analytical studies and es t imates have been made of the t h e r m a l s t r e s s e s 
and heat removal by the coolant. However, the configuration, the t he rma l 
s t r e s s , and heat removal p rob lems have not as yet been analyzed in detail 
for a par t i cu la r design. Information der ived from such analys is is 
n e c e s s a r y to provide guidance for m a t e r i a l s r e s e a r c h and fabricat ion 
development. 

2. Methods Development 

(a) Nuclear Design Methods - P resen t ly conceived thermionic 
r e a c t o r s have very fast neutron spec t ra with mean fission energies lying 
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in the 100 to 600 kv region. In the ana lys is of r e a c t o r s of this type, it is 
essent ia l that highly=accurate neutron c ross^sec t ion data be employed and 
that t r anspor t theory calculations of the core react ivi ty and power gene ra ­
tion ra te be uti l ized. Of in te res t in fast r eac to r systems is the availabili ty 
of c r o s s sections that include a high order of anisotropy scat ter ing. This 
allows a m o r e accura te t r ea tmen t of anisotropic scat ter ing and i ts effect 
on the competition between absorption, fission, slowing down and leakage. 
A digital computer code, GAM-II, has been developed by General Atomic 
for the computation of neutron spect ra and group-averaged c r o s s sections 
for fast r eac to r s y s t e m s . During the las t two y e a r s a la rge l i b r a ry of 
nuclear data has been p r e p a r e d for approximately 150 nucl ides . Using 
this data, GAM-II genera tes neutron spect ra for specified composit ions on 
a naesh of 99 energy groups using the B^ approximation. Group c r o s s 
sections and t rans fe r coefficients a r e averaged over the par t i cu la r spect rum 
of in t e re s t . In addition to GAM-II, an extension of the Los Alamos DSN 
code has recent ly been developed at General Atomic. This code, GAPLSN, 
is a one-dimensional mult igroup t r anspo r t theory that contains an a r b i t r a r y 
energy t r ans fe r m a t r i x and in which any degree of anisotropic scat ter ing 
can be included. With these two comiputational tools , the nuclear design 
of fast r eac to r sys tems can now be c a r r i e d out with a reasonable degree 
of accuracy . 

(b) Thermionic Analysis - During the past year a digital computer 
code which desc r ibes the per formance of networks of thermionic ce l ls 
within a r eac to r has been developed. Detailed data der ived from physics 
r e s e a r c h on operating thermionic cel ls a r e incorpora ted in the l i b r a ry of 
this code. With the data now available, semi-quant i ta t ive es t imates can 
be made of thermionic per formance of single cel ls and of networks of 
these cel ls in a r eac to r environment. With the type of analys is that the 
code emiployes it is possible to examine the per formance of any specified 
thermionic fuel e lement design under e i ther optimum or off-optinaum 
conditions. Hence, a calculational tool is now^ available by which the 
effects of design changes can be evaluated, 

(c) The rma l Analysis - During the las t two y e a r s digital computer 
codes have been developed at General Atomic which calculate one and 
two-dimensional t e m p e r a t u r e dis t r ibut ions as a function of space and t i m e -
dependent internal heat generat ion r a t e s . Provis ions for t e m p e r a t u r e -
dependent p rope r t i e s , t he rma l conductivity, coefficient of t h e r m a l expan­
sion, heat and total emiss ivi ty a r e included. Flow boundary conditions, 
rad ia tor heat t r ans fe r , t h e r m a l contact r e s i s t ances between the m a t e r i a l s , 
dimensional changes due to both isotropic and anisot ropic thernaal expan­
sion can be handled by these codes . Recently a method has been developed 
by which thermionic boundary conditions at the emi t te r surface (i. e. 
e lect ron cooling) can be included in the problem descr ipt ion. With these 
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codes, 3-dimensional t empera tu re profiles can be determined for the fuel 
eleinent design. 

In summary , it can be stated that p a r a m e t r i c studies performed to 
date have defined problem a r e a s which have served to es tabl ish genera l 
guidelines for the development of a thermionic fuel e lement . With the 
methods now avai lable , specific fuel element design problems can be 
examined in detai l so that specific m a t e r i a l s p roblems can be formulated. 

C. CURRENT STATUS MATERIALS RESEARCH 

1. Fue l Swelling and Change of Dimension of Emi t t e r upon I r rad ia t ion 
at High T e m p e r a t u r e s 

The p r e s s u r e of fission gases built up inside nuclear fuels upon 
i r rad ia t ion at high t e m p e r a t u r e s tends to deform the fuel bodies and lead 
to e lec t r i ca l shorting with the collector for e i ther the unclad or the clad 
sys tem. Work ca r r i ed out at Los Alamos ' ' has shown that high densi ty 
(~97 percent theore t ica l density) 30 UC-70 ZrC samples , irra,diated at 
1800°C - 2200°C to burnups of 1 - 3 percent of the total u ran ium atoms in 
the samples , suffered from dimensional swellitag or even fragmentat ion 
and dis integrat ion due to the in terna l buildup of high p r e s s u r e 
fission gas bubbles inside these samples . The remedy p re sc r ibed to over­
come this difficulty i s the use of low densi ty fue l -emi t t e r s containing a 
large amount of open pores through which fission gases could e scape . 
This has been substantiated by some pos t - i r r ad ia t ion annealing studies at 
Los Alamos(^)and at Genera l Atomicf"^^; both low-densi ty 30 UC-70 ZrC 
bodies (~80 - 85 percent theore t ica l density) and fine 30 UC-70ZrC 
powder (<325 mesh) lost most of the fission gas built up inside the 
m a t e r i a l upon annealing at 1800 - 1900°C for 10 - 20 h o u r s . Current ly , 
both Los Alamos and Genera l Atomic a r e studying the dimensional stabil i ty 
of thermionic fuel bodies upon i r rad ia t ion at high tenaperatures in capsu les . 
At Los Alamos , ^^' a 3 0 UC - 70 ZrC fuel pin of about 85 percent theore t ica l 
densi ty p repared by Genera l Atomic is being i r rad ia ted at 1900 - 2000°C 
in an argon a tmosphere and the dimension of the pin is being checked in te r ­
mittently by X - r a y radiography. No detectable change in dimension has 
been observed in 3 70 hours and the test is being continued. 

At Genera l Atomic, capsule i r rad ia t ion of UC-ZrC of var ious 
compositions (90, 50, and 20 mol-% UC) and dens i t ies (95, 90, and 85% 
theore t ica l densi t ies) at 1700 - 1800°C is being ca r r i ed out under NASA 
sponsorsh ip . ^ ' High t empe ra tu r e thermocouples have been incorporated 
in the center of these fuel bodies to monitor the i r t e m p e r a t u r e s as a 
function of i r rad ia t ion t i m e . A burnup equivalent to that for 1000 hours 
of operation of a 1-megawatt thermionic r eac to r has been achieved, with no 
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indication that the low densi ty and the medium densi ty fuel bodies have 
suffered significant d imensional change. The t empe ra tu r e of the high 
densi ty fuel bodies , however , dec reased steadily with t ime of i r rad ia t ion , 
indicating an increas ing loss of heat , probably due to fuel swelling. Al­
though a definite conclusion cannot be reached until the samples a r e 
examined in the Hot Cell, the indications a r e that the fuel-swelling problem 
is not unsolvable . I r rad ia t ions of a clad capsule will be s ta r ted during the 
f irs t week of June, 1963, and will be continued until a burnup equivalent to 
that for 1000 hours operat ion of a 1-megawatt thermionic r eac to r is achieved 
By the fall of 1963, it is expected that some definite conclusions can be 
reached on the approaches for solving the fuel swelling problem, and on 
the di rect ion in which future long-terna i r rad ia t ion studies should proceed . 

2. Loss of Fue l Mater ia l s by Vaporization 

It is general ly recognized that the loss of fuel m a t e r i a l s by vapor­
ization is a c r i t i ca l m a t e r i a l problem for the unclad ce l l s . However, it 
had not been fully real ized until recent ly that the loss of fuel m a t e r i a l s by 
vaporizat ion is also a c r i t i ca l m a t e r i a l problem for the clad ce l l s . This 
i s because , as descr ibed in the preceding section, fission gases have to 
be re leased from the fuel bodies to prevent fuel swelling, and in view of 
the low strength of emi t t e r cladding at high t e i n p e r a t u r e s , the re leased 
fission gases would have to be vented from the emi t t e r to avoid i ts defor­
mat ion. In venting the fission gases , however , the fuel m a t e r i a l s a r e a lso 
lost or red is t r ibu ted . Information on the r a t e s of vaporizat ion of fuel 
bodies of var ious densi t ies (therefore var ious pore s t ruc tures ) i s t h e r e ­
fore needed for the judicious selection of fuel m a t e r i a l s for both the unclad 
and the clad ce l l s . F igu re A-3 shows the r a t e s of vaporat ion of UO2, ^ ' 
UC, ' 'and U C - Z r C ^ ^ ' ' a t var ious t empe ra tu r e s j and various composit ions 
and pore s t ruc tu re s measu red in vacuum. Although the information is 
by no means complete , the following conclusions can be drawn: 

(a) UO^, which is excluded for use as an unclad emi t t e r m a t e r i a l 
because of i ts poor e l ec t r i ca l conductivity, is a lso unsuitable as a fuel 
for vented clad fue l -emi t t e r s for high t empera tu re thermionic cells be ­
cause of its very high ra te of vaporizat ion (about 10 higher than that of a 
20 UC - 80 ZrC) . This difficulty is amplified by i ts poor t he rma l conduc­
tivity so that , for the heat flux and configuration needed for a thermionic 
emi t t e r , the center of the UOT fuel may be molten, thus further contr ib­
uting to the enhancement of the vaporizat ion l o s s . 

(b) If carbide fuels of low densi t ies (85 - 90 percent dense) containing 
large port ions of open pores (such as Bĵ  - 9 and B^ - 2 as shown in F i g . A-3) 
a r e needed to prevent fuel swelling and a linait of 10"° g m / c m / s e c of 
vaporizat ion loss is set, then the vacuum ra tes of vaporizat ion of the 
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TEMPERATURE (°K) 
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1900 

4.4 4.6 4.8 

RECIPROCAL TEMPERATURE ( [ / "K X lo" ) 

Note: Aj , Bi , 27A refer to sample numbers 

1. UO2 (Knudsen cell n i easu remonl s ) 
2. UC 95% dense , cold p r e s s e d and s in te red 
5. 88UC-12ZrC, 88. 5% dense , 89% open poro ­

sity cold p r e s s e d and s in te red 
4. 90 UC - lOZrC nominal , 9'5, 5% dense , cas t 

and deca rbu r i zed 
5. 89UC - U Z r C , 97. 6% dense , < a s l , m d de ­

ca rbur i zed 
6. 28. 3 UC - 71. 7 ZrC, 86, 7% dense , 89% 

open poros i ty , cold p r e s sed and s in te red 
7. 27 .5 UC - 72. 5 ZrC, 88.4% dense , 40% 

open poros i ty , hot p r e s s e d 
8. 27. 4 UC - 72, 6 ZrC, 90% dense , 33. 5% open 

poros i ty , hot p r e s s e d 
9. 19 UC - 81 ZrC, 93. !% and 93. 8% dense , 

hot p r e s s e d 

F i g . A-3--Rates of vaporizat ion of U02> UC> 
and UC-ZrC of var ious composi ­
t ions and pore s t r uc tu r e s 
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30 UC-70 ZrC and the 90 UC-10 ZrC a r e too high by factors of 10 and 100 
respect ively for an unclad emit ter tenaperature of 1800°C. In the p resence 
of ces ium vapor and a high tenaperature col lector surface at close vicinity, 
the vaporizat ion loss of the carbide emi t te r may be reduced. Whether the 
goal 10°° g m / c m ^ / s e c could be reached under such conditions is cur rent ly 
being investigated under NASA sponsorship.'^f* 

(c) Although the vacuuna r a t e s of vaporizat ion of low density 30 UC-
70 ZrC and 90 UC~10 ZrC a r e higher than the goal 10"9 g m / c m ^ / s e c when 
used as unclad emi t t e r s (so that the total surface is exposed) at 1800°C, 
it i s poss ible for these m a t e r i a l s to be qualified as fuels for clad enai t ters . 
at 1800°C even if this s t r ingent requi rement (10~ gna/cm / s e c ) is kept, 
since the total surface of the fuel does not have to be exposed to vacuuna 
to vent the fission gas re leased . 

Assunaing an opening of 1 0 ' ^ cm pe r cm fuel surface a r e a is kept 
in the enaitter cladding to vent the fission gases*'' by using baffles, the 
losses of fuel naater ials at 1800°C from the emi t t e r cladding would be 
lO"-'' gm/cna'^ fuel a r e a / s e c and 10~" g m / c m fuel a r e a / s e c for B|^-9 
(30 UC-70 ZrC) and B i - 2 (90 UC-10 ZrC) respect ive ly instead of 10-8 g m / 
cm fuel a r e a / s e c and 10"^ ,gm/cna^ fuel a r e a / s e c as shown in F ig . A - 3 , 
if the total surface a r e a s of these fuels a r e exposed to vacuuna as in the 
case of unclad e m i t t e r s . Thus from the point of view of loss of fuel 
m a t e r i a l s by vaporizat ion, UC-ZrC is a l ready qualified as fuel for the 
clad enai t ters , although its feasibili ty a s unclad emi t t e r s would depend 
upon how its ra te of vaporizat ion is reduced by the p resence of ces ium 
vapor and a high t empe ra tu r e collector sur face . 

3. Release of F i s s ion Produc ts through Fue l s and Cladding, and the 
Effect of F i s s ion Product Contamination on the Per fo rmance of 
Cesium Cel ls 

There is prac t ica l ly no information available on this important 
aspect of thermionic fission heat conversion. In the longest in-pi le t es t 
(~300 hr) using 30 UC-70 ZrC emi t t e r s at Los Alamos , no such effect was 
observed, probably due to insufficient r e l ease or buildup of fission 
products in the ce l l s . F o r unclad cel ls designed for one year or more of 
life expectancy and aiming for fission gas r e l ease to prevent fuel swelling, 
the fission product contamination effect cannot be ignored. The gaseous 
fission products r e l ea sed into the in tere lec t rode space would have to be 
bled to avoid excess ive scat ter ing of the e lec t rons from the enai t ters . The 

_ _ _ _ 

It can be shown this opening is ample for the venting of fission 
gases at the ra te of production of fission gas atonas for the fission heat 
generat ion ra t e in thermionic fuels. 
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fission products forming stable carb ides may stay in the emi t t e r or on i ts 
surface to change its emiss ion p r o p e r t i e s . In addition, volatile non-gase ­
ous fission products may condense on the collector surface to cause changes 
in i ts ces ium wetting p rope r t i e s . F o r the clad emi t t e r s , the f ission 
products may diffuse through the clad at i ts operating t e m p e r a t u r e s to 
cause s imi lar changes in cell pe r formance . Although the ul t imate answers 
can only be found in long- te rm in-pi le t e s t s , measurenaents of the ra te of 
r e l ease of var ious fission products from fuels and through the cladding a r e 
needed to define the problem. In addition, on the bas i s of the r e l e a s e 
r e su l t s , studies using simulated fission products should be made in the 
labora tory to deternaine the se r iousness of these effects in o rde r to guide 
the more expensive long- t e rm in-pi le t e s t s , since these effects a r e not 
expected to depend on the isotopic forms of the elements concerned, 

4. Interaction between Emi t te r and Fuel in the Clad Emi t t e r s 

Considerable infornaation has been accumulated during the las t two 
yea r s^ l ' ^) on the compatibili ty between re f rac tory metal and alloy emi t te r 
naaterials and uraniuna-containing nuclear fuels. Most of these studies 
were c a r r i e d out by the s tandard diffusion techniques at 1800 - 2000°C for 
per iods of 10 - 50 hr* . The r e su l t s a r e summar ized in Table A-2 . Of 
the var ious cases studied, W-clad UC and UC-ZrC, and W-clad UO2 a r e 
found to be the naost promis ing high t empe ra tu r e clad emi t te r sys tem. The 
W-clad UOo system, however, suffers from the high ra te of vaporizat ion 
of UO2. Although W-UOo c e r m e t s may be used to overcome this difficulty, 
the dimensional stability of such ce rme t fuel upon i r radia t ion at high 
t empe ra tu r e s r ema ins to be proved. This is cur ren t ly being studied at 
General Atomic. i~'i 

In addition to g ros s diffusion s tudies , a naore sensi t ive naethod has 
been devised(2) to study the effects of diffusion of t r a c e s of fuel compon­
ents into emit ter on i ts emiss ion p rope r t i e s . Current ly , the sys tems W-
clad UC'"'' and 30 UC-70 ZrC a r e being studied for per iods g rea t e r than 
1000 h r . The feasibility of using such clad enaitter sys tems in thermionic 
fission heat conversion from the point of view of emi t ter - fue l interact ion 
should be f i rmly es tabl ished by the fall of 1963. 
__________ 

The cases W ve r sus UC and 90 UC-10 ZrC have been studied for 
per iods of 1000 hr at 1750^0. 

W formed by the thermochemica l decomposition of WF, + H . 
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# * tt 

Table-A-2 

SUMMARY OF COMPAT ABILITY DATA 

Fuel 

U C 

u < 
J10mol-%UC 
bo mol -% ZrC 

t30mol -%UC, 
[?Omol -% ZrC 

&Omol-%UC, 
jlO m o l - % ZrC 

U O j 

Tempera tu re 
(OK) 

2073 

2073 

2073 

2073 

2073 

2073 

2273 

Tungsten 

Suitable 

Un&uitable(^) 

Suitable 

Suitable 

Suitable 

Suitable 

Suitable 

Molybdenum 

Unsui table '^ ' 

Unsuitable(b) 

Suitable 

-

Unsuitable*"*' 

Unsuitable*"^* 

U n s u i t a b l e ^ ' 

Niobium 

Unsuitable*'^' 

Unsuitable*' ' 

Unsuitable*'^ 

-

Unsuitable*^ 

Unsuitable*"^' 

Unsuitable*"*' 

Tantalum 

Unsuitable*^' 

UnsuitableC") 

Unsuitable*"' 

-

Unsuitable*^*' 

Unsuitable*"!' 

Un suitable *"*> 

Refractory Metal 

Ir idium 

Unsuitable '* ' 

-

-

-

-

-

-

Rhenium 

Unsuitable**' 

-

-

-

-

-

W - 2b Re 

Questionable"^' 

-

-

-

-

«-<--< V i o 

, VI ( a ' unsuitable 

-

-

-

-

'A' - 2 Mo 

Unsuitable*^' 

-

Questionable* ' 

Unsuitable*^' 

i 

^^' Liquid-phase formation. 

^ ' Excessive ca rb ide- layer formation and gram-boundary penetration. 

' ^ ' Uranium and zirconium diffusion through metal at too rapid a ra te , 

' ' Fuel component diffusing through g r a m boundaries . 

^̂  Reaction l aye rs or products detected at interfaces 



5, Fabr ica t ion of F u e l - E m i t t e r Mater ia l s of Reproducible S t ruc tu res , 
Composit ions, and P r o p e r t i e s 

(a) Unclad F u e l - E m i t t e r s - Considerable p r o g r e s s has been made 
during recent y e a r s on the fabrication of UC-ZrC of s ingle-phase s t ruc tu re s 
and controlled composi t ions. By using co ld-press ing and sinter ing t ech ­
niques, samples containing la rge anaounts of open pores may be p r epa red 
over the whole UC-ZrC composition range to facili tate fission gas r e l ea se 
and thus avoid fuel swelling. Meta l - r i ch fuel bodies have been s u c c e s s ­
fully t r ea t ed thermal ly in vacuum to attain s toichiometry. However, 
much remains to be studied on the relat ionship among the co ld-press ing , 
sintering and t he rma l t r ea tment conditions, the size distr ibution of the 
carbide powder, the pore s t ruc tu re s , and the total t rue surface a r ea of 
the fuel bodies obtained. It is only through these quantitative cor re la t ions 
that the quality control of the unclad UC-ZrC fuel-enait ters can be rea l ized . 

(b) Clad Fuel -Enai t te rs - The p resen t status of UC-ZrC carbide fuels 
has been descr ibed above. Cernaet fuel fabrication has been studied in 
two ways . M O - U O T c e r m e t has been p r epa red by hot p res s ing Mo-coated 
UO2 pa r t i c l e s , and W-UO2 and W-UC cernaets have been fabr icated by hot 
p ress ing a blended mixture of W and fuel powders . The cernaets pos s e s s 
good e lec t r ica l and t he rma l conductivity and may have be t t e r r e s i s t ance 
to radiat ion effects than the single phase fuels. Cernaet bodies p r e p a r e d 
from meta l -coa ted pa r t i c l e s in general show a more uniformly d i spe r sed 
s t ruc ture than those made of a blended mixture of W and fuel powders 
and therefore a r e more des i rab le . 

F r o m the point of view of fue l -emi t te r compatibili ty, tungsten is by 
far one of the most promising emi t te r naater ia ls . Cladding with machined 
tungsten, however, i s difficult because of i ts poor machinabil i ty. Recently 
carbide and cernaet fuels have been clad with tungsten formed by the 
thermochenaical decomposition of a mixture of WF/ + Ho. The technique 
not only produces clad emi t t e r s which a r e dimensionally and s t ruc tura l ly 
stable upon t he rma l cycling but also may p romise an emi t te r which is 
more uniform and reproducible in s t ruc ture and p rope r t i e s than the 
machined ones. 

6. P rob l ems Associa ted with Ceramic E lec t r i ca l Insula tors and Seals 

Although var ious c e r a m i c naaterials have been studied, the cur ren t ly 
used sea ls a r e made of high pur i ty AI2O3 bonded to F e - N i alloy or r e f r a c ­
tory meta l ( e .g . , Nb and Ta) flanges ei ther by using b raze alloys through 
a metal l izing l ayer , or by using active metal b r a z e s di rect ly ( e . g . , V, 
Zr, and Ti alloy b r a z e s ) . Various studies have been made to check the 
cor ros ion res i s t ance of these seals toward cesiuna(°)and work c a r r i e d out 
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(9) 
at Los Alamos has shown that nae ta l - to -ce ramic seals made of Fe -Ni 
alloys bonded to AI2O3 by the metal l izing method remained leak free 
after being i r r ad ia t ed to an integrated total neutron flux of 7 x 10^^ nvt 
at room t e m p e r a t u r e . No i r rad ia t ion s tudies , however, were per formed 
in the p resence of ces ium vapor. 

In addition to ce r amic sea l s , c e ramic ma te r i a l s may also be needed 
in a thermionic fuel element as thin l aye r s of e lec t r ic (but not thermal ) 
insulation. The changes in physical p rope r t i e s under i r rad ia t ion a r e 
inaportant to such an application. Most of the available i r rad ia t ion re su l t s 
were obtainedat t e m p e r a t u r e s lower than 400 C. Generally speaking, 
Al->03 has been showm^^'to be dimensionally stable, or very near ly so, 

7 1 
after exposure to an integrated fast neutron flux of up to lO''' nvt; the 
thernaal conductivity may dec rease as nauch as 50 percent , but this 
decrease appears to sa tura te at about lO^^-lO^-*- nvt. The e lec t r ica l 
res is t iv i ty of AI2O3 tends to dec rease promptly on exposure to neutron 
radiat ion. The effect, however, sa tu ra tes and the res i s t iv i ty tends to 
inc rease with t ime in the p resence of radiat ion, high t e m p e r a t u r e , or an 
applied voltage. Since AI2O0 has a high e lec t r ica l res i s t iv i ty (about 
10^"* ohm at room temperature)^ the change is of no ser ious consequence. 
Studies have also been made on the die lect r ic s t rength of Al203-base 
ceranaics in the p resence of gamma-rad ia t ion . A dose of 109 l a d s de ­
c r e a s e s the s trength to about 300-400 vol t /miB^^ ' . Since conventional 
A I T O S seals a r e nauch thicker than 1 nail, it is general ly concluded that 
the effectiveness of these sea ls a s insulating naater ials will not be 
ser iously impai red by i r rad ia t ion . 

7. Mater ia l and Fabr ica t ion P rob lems in Integrating Single Thermionic 
Cells into a Reactor Fuel Element 

The ul t imate goal of the thermionic m a t e r i a l s r e s e a r c h and develop-
naent p r o g r a m is to develop a thermionic fuel element consisting of a 
number of single ce l ls a r r anged in a way compatible with m a t e r i a l s 
l imitat ions and reac tor design r equ i r emen t s . The fabrication p rob lems 
involved may be ent irely different from those of a single cesiuna ce l l . To 
date, t he re have been no concer ted efforts in this direct ion, although there 
a r e enough m a t e r i a l information and design data avai lable . 
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