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1. neTRODUCTION 

6.' This is the third quarterly report of progress on JPL Contract 

95122S, a program to (1) investigate basic materials, processas, and 

operating parameters affecting the stability and optimization af 
L cesiuarvapor thermionic converters, and (2) apply the results of 
these investigations to the fabrication of practical, high-perform- v 

anco, high-efficiency, long-life cesium-vopgr thermionic convertera. 

1.1 Program Goals ' .  I 

1 The program goals are: (1) to generate fundamental data 

' on the various converter operational parameters such as interelectrode 
spacing, Langmuir-Taylor type cesiated electron emission and work 

function of various electrode materials, and to establish optimum 
electrode materials processing, all to be applicable to practical 
cesium-vapor thermionic conveFters; (2) to conduct auxiliary eicper- 

iments pertinent to the engineering design and converter fabrication 

in a manner such that the results are applicable.to practical, high- 
efficiency, long-life cesium-vapor thermionic convert&, and (3) to ,~ 
design, fabricate, and teat a maximum of six cesium-vapor themionic 

converters utilizing the results of the,auxiliary experiments, leading. 
2 

to a performance of 20 uatts/cm 
exceeding 14 percent for an emitter temperature of 1735 C. 

ator'heat-transfer problems so that a converter with a 2-cm2 emitter 

having an output of 40 watts at 0.8 volt can be fabricated with a 
minimum radiator weight. The weight of the converters uust be con- 

sistent with the achievement of a four-converter generator weighing 
less than 4 pounds. The radiator axea oE the converters must be such 
that no additional cooling (such as excessive thermal conduction down 
the collector lead straps) is necessary for operation of the converter 

at it5 design conditions. 

at 0.8 volt output and an efficiency 
0 

Adequate attention will be accorded the collector and radi- 

I 



1.2 Surrnoary of Work Performed During Reporting Period 

During this pest reporting period, precision data obtained 
8 .  

, 
from the variable parameter vehicle have substantiated and extended 
the measurements of the optimum pressure-distance (pd) relationships 
for a cesium vapor thermionic converter reported previously for lower 

temperature converters. 

that an interelectrode spacing of approximately four mils (0.004 inch) 
is required for optimum converter operation at 0.8V dc utilizing 
polycrysta~lint rhenium electrodes. The operation of a converter in 

the c lose  spaced region (less than 0.0005 inch interelectrode spacing) 

was examined in greater detail than previously reported and the 

expectation of high dc performance in this region was verified. 

These data have confirmed the predictions 

Extensive dc converter optimization data was obtained as 

I .  . 

a function of interelectrode spacing, collector root and cesium 
reservoir temperature for a constant emitter temperature of 1735 C .  

Sufficiknt dc data points were taken to precisely identify the 

optimum inter-relationships of these variables for optimum Re-Re 

converter operation. 

0 

- 
The saturated electron emission was measured from cesiated 

polycrystalline rhenium emitters and collectors. 

cesium reservoir'temperatures were examined for emitter temperatures 
covering the range from 2100°K t o  lOOO?K. 

ments of the .emitter were obtained in the high temperature range. 

Three separate 

Bare work function measure- 

a 

Heac transfer measurements were obtained which pertain to 

thermal conduction in cesium vapor. Two cesium pressure regions'of 

interest were examined: 

. 
first, the pressure region where the cesium 

atom-atom mean free path is greater than the interelectrode spacing 

(for vapor pressures of interest to converters this requires spacings 
of approximately 0.0002 inch); second, the pressure region where the 

' .  

" .  

cesium atom-atom mean free path is less than the-interelectrode spacing. ' .  I 

During this report period, two secondary converter e+per- 

iments were concluded. The first experiment involved the direct . 
~ 

8 I 
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optical measurement of the interelectrode spacing as a function of 
element temperature for a converter mockup. The Spacing data obtained 

from the mockup coolpared favorably with values of the spacing cal- 
culated fron the thermal expansion of the converter aembers. The 

secoki experiment established the feasibflitv of elec€ron:bean- 
welding prefabricated ceramic-metal seals directly to thermionic 

converter subassemblies. 

, - 

' ,  
_ -  

4 

1.3 Sunnnary of Significant Results and Conclusions 
The following significant results were achieved during 

this past quarterly report period: 

1. Cesium-vapor converter output as a function af inter- 
* 

. ,  
electrode spacing was accurately characterized over a 

spacing range encompassing the four different regions 
4 ,, 

of converter operation: space-charge limited region, 
the onset or incipient breakdown region, the optimum 
pd region, and the fully developed positive column 

region. The measurements were made under dc steady- 
state conditions utilizing 0.1 percent accurate meters. 
The spacing measurements were made with f: 0.0001 inch 

accuracy. 
The optimum cesium pressure-interelectrode distance 

product, pd, was precisely measured for two different 

cesium pressures. An optimum p x d value of 16 mil- 

Torr. was obtained for a polycrystalline rhenium 
electrode converter operating at a true emitter tempera- 

ture of 1!35 C. 

'hngmuir-Taylor S type curves were obtained f o r  cesiated 

polycrystalline rhenium. Measured saturated emission 
densities as high as 188 amps/cm2 were obiained. 

mum cesiated rhenium work functions of 1.45 - 1.47 ev 

2 .  

0 

1 

3 .  

Mini- 

were obtained. The bare work function of the rhenium 

emitter used ia' the measurements was approximately 6.75 ev. 
* 
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4. Precision cesium conduction heat transfer data was 1' 

obtained. 

4 
vapor transport. 
The variable parameter vehicle has undergone 700 hours 
of continuous operation without variation in measured 

quantities. Converter optimization data has' been . 
reproducible to within milliwatts of power output over 

this test time. At 0.8V dc, the purrirpum power output 

at an emitter temperature of 1739 C tpa, fs 15.6 wattsl'cm . 

The results agree .with clasnfcal M a t  ttm- ., 
-9 fer theory and with the semi-empirled auly8eslof . . 

->I 

5 .  
' 

* 

--c 
0 2 

6. A thermal moclcup of a thermioniq converter was operated 
* ,  .. In a manner to provide a'direct, optical measurement 

of the interelectrode spacing. These spacing masure- / 

ments agree to within 8 percent with values of spacing 
calculated from thermal expansion considerations, 

J 
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2. VARIABLE PARAMETER TEST VEHICLE 
The v a r i a b l e  parameter tes t  v e h i c l e  has  been operated i n  

of 800 hours.  A l l  systems opera te  as designed.  The v e h i c l e ,  

excess  

when 

o r i g i n a l l y  i n s t a l l e d  i n  the  test  s t a t i o n ,  w a s  equipped wi th  cool ing  

s - t raps  on the  cesium r e s e r v o i r  t o  permit  low cesium r e s e r v o i r  temper- 

ature ope ra t ion  a s  r equ i r ed  by the c o n t r a c t  york  qtatement  (127 C). 

It vas found t h a t  &e s t r a p s  c rea ted  a thermal shunt  around the  reser- 

v o i r  h e a t e r  and an a c c u r a t e  measurement of t he  t r u e  res&voi.r tempera- 

t u r e  could not  be e s t a b l i s h e d .  By removing the  s t r a p s ,  the  cesium 

r e s e r v o i r  temperature w a s  accu ra t e ly  measured. The s t r a p s  w i l l  be 

rep laced  a f t e r  a l l  high cesium p res su re  data have beed obtained. 

0 

. 

Pre  1 iminary e lec tr ica 1 char ac t er is t ics  of the  veh ic le ind  lca tad 

This cond i t ion  vas remedied t h e  ex i s t ence  of a p a r a s i t i c  r e se rvo i r .  

by proper h e a t  s h i e l d i n g  of the r e s e r v o i r  tubula t ion .  . 
The v a r i a b l e  spac ing  mechanism has  proved capable  of al lowing 

1 

accura t e  s e t t i n g  of the  i n t e r e l e c t r o d e  spacing of the  v e h i c l e  tu 

wi& *O.l m i l  w i t h  a t o t a l  t r a v e l  i n  excess  of 15 milo. 

i n d i c a t o r s  reached 8 wrxlmm tuaparature of 140°C w i t h  cll auxiliary 
, h e a t e r s  on and a dc c o l l e c t o r  c u r r e n t  of 80 amps f a r  an emitter t e m -  

p e r a t u r e  of 1735 C.- A t  t h l s  temperature ,  t he  spacing was accura t e ly  

determined t o  w i t h i n  *O. 1 mil. 

The d i a l  

0 

The guard r i n g  equal iz ing  load i s  performing s a t i s f a c t o r i l y .  The 
guard r i n g  p o t e n t i a l  is maintained w i t h i n  10 m i l l i v o l t s  of the co l -  

l e c t o r  p o t e n t i a l  and t h e  c o l l e c t o r  c u r r e n t  is maintained between 4 .5  

t o  5 times that of the guard r i n g  cu r ren t .  Figure 2 - 1  shows I - V  

c h a r a c t e r i s t i c s  f o r  both the  guard r i n g  and the c o l l e c t o r ,  i n d i c a t i n g  

the  c u r r e n t  r a t i o  between the two. The c o l l e c t o r  has a c o l l e c t i n g  

area 4.9 times t h a t  of the  c o l l e c t i n g  a r e a  on t h e  f ace  of the  guard. 

These c u r r e n t  r a t i o s  i n d i c a t e  success fd l  a c t i o n  of the  guard r ing.  

I * 
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Curve 1: Co l l ec to r  Current 

100 amps/div 

0.5 v o l t l d i v  

Curve 2.: Guard Ring Current 

40 arnpddiv 

0.5 v o l t / d i v  

FIG. 2 - 1  SAMPLE I - V  CHARACTERISTIC FOR BOTH GUARD RING AND COLLECTOR 

6952-Q-3 2-2 



. .  
4 

d 

The p r inc ip .1  purpose of t he  v a r i a b l e  parameter t es t  v e h i c l e  is 

Subsec- t o  bbta in  p rec i e ion  thermionic conver te r  op t imiza t ion  da ta .  

t i o n  2'.1 d i s c u s s e s  the  de te rmina t ion  of optlmum c o l l e c t o r ,  and 

r e s e r v o i r  temperatures  t o  obta in  maximum conver t e r  power output  a t  

0.8 v o l t  dc. 

pf i n t e r e l e c t r o d e  q ~ ~ ~ i p g  a t  these ophciflc dc voltages fa p a e s s n t d  

These data are e s e e n t i a l  for prec i s ion  thermionic conve r t e r  design.  

. >  

I n  a d d i t i o n ,  c u r r e n t  output  v a r i a t l o n  as a func t ion  

I .  

Data of a more bas i c  n a t u r e  a r e  presented  in Subsect ion 2.2 wfiich 
ri 

d i scusses  the  v a r i a t i o n  of  v e h i c l e  vo l t age  output  as a func t ion  of 

i n t e r e l e c t r o d e  spac ing  a t  a 'Constant dc cu r ren t .  These d a t a , a l s o  

provide the  optimum spacing r e l a t i o n s h i p s  f o r  maximum power output  *r 

as w e l l  as b a s i c  plasma parameter v a r i a t i o n s .  

2.1 Converter Optimization Data 
z 

I 2.1.1 Measurement Technique - The c m v e r t e r  op t imiza t ion  data near  0.8 v o l t  ou tput  

coxmisted of opt imizing the dc c u r r e n t  ou tput  of' t he  v e h i c l e  as a 

func t ion  of spac ing ,  cesium temperature,  and c 6 l l e c t o r  temperature  

8t  a t r u e  emitter temperature of 1735 C t r u e  and a t  two vo l t age  Out- 

p u t s  of 0.8 v o l t  and 0.7 v o l t  measured a t  the  c u r r e n t  leads.  The 

experimental  procedure cons i s t ed -o f  u t i l i z i n g  t h e  e l e c t r o n i c  load t o  

main ta in  a cons t an t  vo l t age  output  and s e t t i n g  a f ixed  c o l l e c t o r  

temperature  and a f ixed  spacing and varying the reservoir temirerature 

unt i l  an a b s o l u t e  maximum i n  output c u r r e n t  had been obtained. 

0 

- 
The 

and 0.005 inch. 

petatures of 578G 596OC,  .61OoC, and, 660°,C. 

tures ure quoted s i n c e  the upper c o l l e c t o r  su r face  immersed t h e m -  

couple  opened dur ing  the  f irst  few hours of va~uum outgassing.  The 

This procedure was repea ted  f o r  c o l l e c t o r  r o o t  tem- 

Col l ec to r  root tempera- 

a 

p r e c i s e  matching c o l l e c t o r  su r face  temperature will, be determimed 

when the  device  is disassembled. 
, .  

6952-4-3 \ 
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2.1.2 Measurement Resul t s  

The optimum parameters f o r  maxim power output  

c o l l k c t o r  r o o t  temperature 619 C ,  
t 2 0 -. (15.44 w a t t s / c m  ) a t  0.8 v o l t  are:  

cesium r e s e r v o i r  temperature 331 C ,  and i n t e r e l e c t r o d e  spacing between 

0.0032 and 0.0038 inch. 

0 

The 0.8-vol t  f a t a  are shown i n  Figs .  2-2 

through 2-5.. ;.& 

completed b u t  some pre l iminary  d a t a  are shown i n  Ffgsi_,24 and 2-7. 

* 
The d a t a  f o r  0.7-volt op t imiza t ioa  bovi not heen - 1  . 

I .  

. #  . The complete optimum paranteters w i . l l , be  determined dur ing  the next  

r e p o r t  per iod.  

The araximum power v a r i a t i o n  a t  0.8 v o l t  as a func t ion  

of spacing was measured wi th  t h e  c o l l e c t o r  r o o t  and r e s e r v o i r  temper- 

a t u r e  net a t  t h e i r  o p t i m a  values. k e p i %  the w l t a g e  output  cons t an t  

a t  0.8 v o l t  by the  e l e c t r o n i c  load and only varying spacing, tly cur- 

I 

- - . *  
-__4- 

*.a 

r e n t  o u t p u t . v a r i a t i o n  was determined. This is shown i n  Fig. 2-8. Of 

p a r t i c u l a r  interest is t he  minimum power p o i n t  observed a t  a spacing 

As the  spacing dec reases  f u r t h e r ,  t h e  c u r r e n t  (power) 
<& . -- 

o f  0.001 inch, 

ou tput  i n c r e a s e s  again,  This is the  f i r s t  t i m e  complete documentation 

of t h i s - b e h a v i o r  has  been obtained in t he  emitter temperature region 

above 1300'C. 
inch will t h e  power output .exceed t h a t  a v a i l a b l e  a t  a spacing of 

approximately 0.003 inch. The t h e o r e t i c a l  i n t e r p r e t a t i o n  of t h i s  

and fol lowing curves w i l l  be made i n  subsequent s ec t ions .  

'. 
The data show t ha t  only a t  spac ings  of less than 0.0003 

2.1.3 Discussion . ,  . .  
. .  .. , 

. a  
From t h e  s t andpo in t  of p r a c t i c a l  thermionic conve r t e r  

f a b r i c a t i o n ,  t h e ' o p t i m i z a t i o n  of power output  a t  a spacing of 0.0035,. 

inch for  t h e  s p e c i f i e d  parameters i n c r e a s e s  the p r o b a b i l i t y  of long 
'. 

l i f e  ope ra t ion  a t  cons t an t  output ,  and r e p r o d u c i b i l i t y .  e -  

As i nd ica t ed  i n  Fig. 2-8, t h e  only manner in which . .  "~ 
J 

the power output  may be increased from t h e  p r a c t i c a l  maximurn a t  0.0035 

Lnch .5. to reduce tbe sgecbg to lees thaa O.oo00 iprb. At t b h  C ~ O H  

r r - 4  

.. - I .  . .. 



Y 

cn a. 
s a 

38 

36 

34 

32 

3 c  

2t 

2( 

2 

2 

-- 
I 

! TEMITTER = 173S'C 
TCOLLECTOR = 570'C I 

ROOT 
V SPACING = .002 in. 
0 SPACING = .003in. 

I 

? 

0 SPACING = .004in. 

* 

I I I L 

300 310 320 33 0 340 

CESIUM RESERVOIR TEMP., "C 

350 360 

FIG. 2-2 

r l - 1 '  

73620379 
6952 -4-3 
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spacing,  t h e  d i f f i c u l t y  i n  f a b r i c a t i o n  and c h a r a c t c r i s t i c  reproduci-  

b i l l t y  is  considerably increased as well as decreas ing  the  r e l i a b i l i t y  

and usefu lness  of the  device i n  some app l i ca t ions .  
? - 

La apparent  c o n t r a d i c t i o n  t o  these  measurements is . t h e  accumulated experience of many thermionic conver te r  s u p p l i e r s ,  

-- which e s s e n t i a l l y  is that: the c l o s e r  the spac ing ,  ahe  higher  t he  I 

power ’ output.  

This i nc rease  in power occurs  only a t  the  expense of vo l t age  output.  

I f  a s p e c i f i c  vo l t age  output  such as 0.’8 v o f t  is s p e c i f i e d ,  t h e  power 

output  w i l l  vary as shown in Fig, 2-8. 0 

This statement  is true, but r e q u i r e s  q u a l i f i c a t i o n .  

8 

2.2 V o l t g e - S v a c i w  Rela t ionships  
/ 

2.2.1 Measurement Technique and Resu l t s  . ?  I 

Afte r  e s t a b l i s h i n g  the v a r i a t i o n  of power output  ( a t  

0.8 v o l t  output)  w i t h  #pacing shown i n  Fig. 2-8, It is d e s i r a b l e  t o  

relate the v a r i a t i o n  t o  the cesium plasma parameters- In order  t o  

achieve t h i s ,  the power output  is measured as 4 func t ion  of spacing 

at a cons tan t  dc current. 
v a r i a t i o n  with spacing a t  cons tan t  ou tput .  This v a r i a t i o n  of voltqe 

with  spacing a t  constant cur ren t  is shown i n  Fig. 2 - 9 .  The advantage 

of t h i s  method i s  that a l l  veh ic l e  spacing problems due t o  d i f f e r e n t i a l  

expansion are e l imina ted  due to  the  s t eady  state veh ic l e  temperature 

d is  tr ibu t Lon. 

The measured q u a n t i t y  is the volragq output  

Figure 2-9 is t h e  vo l t age  v a r i a t i o n  a t  a cons tan t  38 

amperes at  the v e h i c l e  pafameterr f o r  maximum power output  of 0.8  v o l t ,  

i . t . ,  c o l l e c t o r  root temperature 610 C, cesium r e s e r v o i r  temperature 

3 3 1 O C .  

0 

Figure 2-10 is a s imi l a r  p l o t  a t  a h igher  cesium pressure  

= 35OoC. - The dc cur ren t  is t h e  same fn Figs. 2-9 and 2-10, * 

but the pouer output  is lower for t h e  higher r e s e r v o i r  temperaturee.  

“his lg as e x m c t e d ,  s ince  the optimum power was determined to occur 

*ces i”* 

at Tcesium ‘ =  331OC. 
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Severa l  i n t e r e s t i n g  observa t ions  -re made during 

accumulation of t he  experimental  da t a :  (1) a t  a l l  epacings less than 

t h e  minimum a t  0.0005 inch the v e h i c l e  is opera t ing  i n  the space 

charge mode, (2) t h e  mini- paver po in t  i s  a very uns t ab le  opera t -  

ing point due t o  t he  f a c t  t ha t  a t  t h i s  spacing (0.0005 inch) , t h e  

breakdm p o i n t  co inc ide r  with t h e  dc opera t ing  p o i n t  and s l i g h t  

variatioas i n  temperature cause ' i g n i t i o n s  and ex t inguish ing  af the  

arc, and (3) the d a t a  were obtained by t ak ing  dc da ta  point. and then 

sweeping the  v e h i c l e  wifh 60 cyc le s  ac  to  take an o s c i l l o s c o p e  2-b- 
c h a r a c t e r i e t i c .  

cool ing  r e s u l t i n g  from opera t ion  a t  t he  h igh  c u r r e a t  p o r t i o n  of the 
sweep, spacings l e s s  than 0.0003 inch cannot be maintained if t he  

sweep is appl ied  f o r  more than approximately 30 recondr.  

Due t o  the increased c o l l e c t o r  hea t ing  and I '  emitter 

. 
High cur-  

*. 

4' 

rent m a p  opera t ion  caures  sho r t ing  of t he  v e h i c l e  a t  c l o s e  spacLnge 

due to t h e m 1  expansion of the  c o l l e c t o r .  

temperature of 133OoC and a dc current of 20 amperee. 

? 
Figure  2-11 i s  a vol tage-spacing curve f o r  an emitter 

_ I  

2.2.2 Analvsis and I n t e r p r e t a t i o n  .# 

I .  U t i l i z i n g  Lkgmuir's equat ion  t o  determine the  cesium 

vapor pres su re  a 'esociatcd with a p a r t i c u l a r  r e s e r v o i r  temperature:  . L  

;he pd (mi l - to r r )  f o r  the  r e l a t l v c  maxlmu~~ in Figs.  2-9 and 2-10 were 

&terdzmd. 'Ibs rrrultr #a rhom in Table 2-1- The fu&mM.-T . 
feature af the pd ,relations r e s u l t s  frcm s i m i l a r i t y  r e l a t ionsh fpa ,  

t h a t  fs, c e r t a i n  c h a r a c t e r i s t i c s  of a sus ta ined  d ischarge  obey a 

s i m i l a r i t y  l a w  relating dimensfans and bas ic  parameters. 

for a discharge  i n  i d e n t i c a l  gases  a d  identical electrode materials, 

. 
Therefore, 

4 
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TABLE 2-1 

I C  

. 

1 

C 0 

Tcesium P 
DIB - d (mil) pd (mi l - tor r )  

33 1 4.1 f0.2 3.9 16.0 k0.8 

350 6.22 k0.3 2.7 16.8 iO.8 

t he  vapor p re s su re ,  f i e l d  i n t e n s i t i e s ,  an# space p o t e n t i a l s  are 

d i r e c t l y  r e l a t e d  t o  the  r a t i o  of the  spacings.  

t h e  maximuh power p o i n t  of Figs. 2-9 and 2-10 occur a t  t he  same 

pressure-spacing product  . 

Thus, a9 expected,  

* 
I n  a l l  of these  vol tage-spac ing  measurements, t h e  

. conatan t  cesium r e s e r v o i r  temperature,  c o l l e c t o r  r o o t  temperature ,  

and emitter temperature a long with cons t an t  c u r r e n t  d e n s i t y  r e s u l t s  

i n  a cons t an t  shea th  th ickness  a t  t h e  cathode and anode, c o n s t a n t  

plasma d e n s i t y ,  and cons t an t  plasma e l e r t r o n  temperature. Therefore ,  

t he  vo l t age  output  v a r i a t i o n . w i t h  spacing may be r e l a t e d  t o  a v o l t a g e  

p r o f i l e  of t he  v e h i c l e  i n t e r e l e c t r o d e  space. This io not  t o  say t h a t  

t h e  vo l t ages  i n  Fig.  2-9 can be i n t e r p r e t e d  as a d i r e c t  measurement 

e 

1 

, 

of the 4 d i scha rge  p o t e n t i a l .  The vo l t age  output  of the  tes t  v e h i c l e  . 

i a  r e l a t e d  t o  the i n t e r n a l  vo l tages  by the  fol lowing equat ion:  

'out = 'cpd -I- 'm - 'cathode shea th  - 'plasma *'anode shea th  
( 2) 

where 

6992.9-3 

f 

V = contac t  p o t e n t i a l  d i f f e r e n c e  between the  
CPd 

cathode and anode 

space charge minimum v o l t a g e ,  i.e., i f  a 

double shea th  e x i s t s  a t  the  cathode,  Vm = 

vol tage  b a r r i e r  necessary  f o r  an e l e c t r o n  

V m .  = 

t o  overcome proceeding from t h e  cathode 

sur face  t o  the  a c c e l e r a t i n g  p o r t i o n  of the 

sheath 

.. 
1 

, .  

1 

2- 17 . '  

. . .  . '  
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I -  

= p o t e n t i a l  drop from the  voltage minimum t o  

t he  'p l a o m  
'cathode shea th  

'plasma 

"anode . shea th  

I = p o t e n t i a l  drop in the  plasma 

= va lue  of t h e  a c c e l e r a t i n g  or  r e t a r d i n g  vo l t age  

a t  t h e  c o l l e c t o r  

MY be zero  under c e r t a i n  condi t ions  of e l e c t r o d e  geometry, 'anode bherth 
anode temperature,  and spacing. 

wi th  spacing is a sumnation of a l l  t h e  spacing dependent terms of Eq. 2. 

Thus, t h e  v a r i a t i o n  of output  vo l t age  

F igure  2-10 has t h r e e  p o i n t s  of i n t e r e s t  designated 

on the  curve f o r  t h e  vol tage  v a r i a t i o n  wi th  spacing a t  a cesium temper- 

a t u r e  of 35OoC. I - V  c h a r a c t e r i s , t i c s  fo r  each o f  t he  po in t s  of i n t e r e s t  

are shown in Fig. 2-12. Poin t  "A" shows the c h a r a c t e r i s t t c  a t  M 

fn t exe lqc t rode  spacing of 0.0002 inch;  t h e  dc  po in t  of 38kep8 c u r r e n t  

is plainly v i s i b l e  on t he  c h a r a c t e r i s t i c .  

observed at the top of t he  photograph occurr ing a t  approximately 60 

ampa and 0.5 v o l t .  It is apparent from t h i s  c h a r a c t e r i s t i c  t h a t  the 

v e h l e l e  for a spacing of'0.0002 fnch and a t  the dc opera t ing  po in t  is 
opera t ing  i n ' t h e  space charge l imi ted  mode. Figure 2-13 shows the  # 

p o t e n t i a l  d i s t r i b u t i o n  i n  the interelectrode space a t  t h e  s p e c i f i c  

pointa on t he  vo l t age  spacing curve. 

classical double-diode space charge d i s t r i b u t i o n .  

mini& of t h e  vol tage-spacing curve.  

T.4 c b a r a c t e r i s t i c  and p o t e n t i a l  d i s t r i b u t i o n  a t  t h i s  po in t  of operat ion.  

As can be seen i n  Pig. 2-12, the dc opera t ing  poin t  for p a i n t  "8" occurs 

d i r e c t l y  at  the bulsdown point .  

mince the cons tan t  c u r r e n t  po in t  can  occur at two d i f f e r e n t  voltages. 

Cunpared to  po in t  "A", t h e  vol tage.  output  has decreased to  aLlw for 
t h e  a c c e l e r a t i n g  p o t e n t i a l  d i s t r i b u t i o n  for e l e c t r o n s  i n t o  t h e  anode,. 

A plaamr has n o t  developed yat ,  but as  t h i s  p o t e n d a l  approaches t h e  

/ 

. 
The breakdown sp ike  can be 

Again, po in t  "A" Lndicates  the  

Poin t  "B" is a t  t h e  

Figures  2-12 and 2-13 show t h e  

This opera t ing  po in t  i s  ve ry  u m t a b l a  - -  

I 

f i r s t  e x c i t a t i o n  p o t e n t i a l  for cesium, the  i o n i z a t i o n  mechanisms 
4 

be optimized. This process  cont inues u n t i l  p o i n t  "C" is reached. 
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I 

t h i s  p o i n t ,  a ful ly-developed plasma e x i s t s  as t y p i f i e d  by t h e  poten- 

t i a l  diagram of po in t  "C" i n  Fig. 2-13. 
diagrams of Fig.  2-13, t he  p o t e n t i a l  i s  shown matched t o  the  anode. 

S ince ,  depending on the  geometry and anode temperature ,  t he  anode 

shea th  can e i t h e r  be a c c e l e r a t i n g ,  d e c e l e r a t i n g ,  o r  matched t o  the 

anode f o r  s i m p l i c i t y ,  t h e  

I n  a l l  of the  p o t e n t i a l  

diagrams were cons t ruc t ed  as sham.  

To f u r t h e r  c l a r i f y  the  gas  d ischarge  n a t u r e  of the  

cesium thermionic  conve r t e r ,  a pre l iminary  a n a l y s i s  w a s  performed on 

the  space charge r eg ion  of the vol tage-spac ing  curve of Fig. 2-10. 

Using both the.Childs-langmuir space charge 

sLon dominated space charge equat ion ,  dV/dx 

equat ion  and the c o l l i -  

was ca l cu la t ed :  

Child s -Langmuir (3)  

- V2 CoJlision dominated (4) 9 A 2 v  
3 J = - G  

o Telec t ron  x 
* 

. - - .  . 
where 

A = electron-atom mean free path  

v a electron-atom c o l l i s i o n  frequency 

= e l e c t r o n  temperature. Te l e c  t r o n  I 

The t r a n s i t i o n  from the c l a s s i c a l  space charge l imi ted  mode and the  

plasma dominated r eg ion  indicated in 'F ig .  2-10 r e s u l t s  from the 

inc rease  i n  the  space charge c u r r e n t  (86 percent )  produced by ion 
n e u t r a l i z a t i o n  and the increased c o n t r i b u t i o n  of t he  c o l l i s i o n  domi- 

. .  nated space charge c u r r e n t  given by Eq. 4. A complete a n a l y s i s  of . 
t h i s  s i t u a t i o n  w i l l  be provided i n  the  f i n a l  report. dV/dx was then  

eva lua ted  a t  po in t  "A" w h e r e  X - 0.0002 inch and J is  a cons t an t  19 

amperes/cm . The r e s u l t s  a r e  s h a m  i n  Table 2-11. 2 

1 

. 
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A 

TABLE 2-11 

. 

. 

.. 

dV/dX a t  0.0002 inch 

Eq. 3 Eq.h - Exper imen ta 1 
431 vol t s /cm 22.6 vol t s /cm 512 vol t s /cm-  

* 

I 

Table 2-11 i n d i c a t e s  t h a t  w i th in  the  accuracy of experimental  d e t e r -  

minat ion,  the  Childa-Langmuir lau a p p l b o  t o  r e g h n  "A" of Pig. 2L10 
and f o r  t hese  s h o r t  spacings the v e h i c l e  is d e f i n i t e l y  ope ra t ing  i n  
the  4 classical space charge l imi ted  mode.. 

A point-by-point d i f f e r e n t i a t i o n  of the curve i n  

Fig. 2-10 is shown in Fig. 2-14. This i s  not  a p l o t  of the i n t e r n a l  

/ 

f i e l d  i n t e n s i t y  s i n c e  the  p l o t  is of dV 

=results i n :  

/dx. D i f f e r e n t i a t i n g  Eq. 1 out  

-I (5) . -  
dVOll t  dvcathode shea th  - dvr,lssma +, dVanode shea th  

dx dx dx 6r - I  

Therefore ,  Fig. 2-14 r ep resen t s  t he  c o n t r i b u t i o n s  of s e v e r a l  spacing 

dependent terms i n  the  vo l t age  output  equat ion.  

is simiiar t o  the  f i e l d  i n t e n s i t y  d i s t r i b u t i o n  of a gas d i scha rge ,  bu t  

f u r t h e r  a n a l y s i s  w i l l  be required t o  completely pin-point  the  r eg ions  

of i n f luence  of each of the  vo l t age  output  equat ion  tenus. 

v a t i o n  can  be made at the  present  t i m e .  

p o i n t  "C" seem i n d i c a t i v e  of the formation of a p o s i t i v e  column i n  

t h e  plasma of a thermionic convert- for i n t e r e l e c t r o d e  spacings g r e a t e r  

than  0.0035 inch and the  general  dev ice  parameters s t a t e d .  

The shape of  the  curve '  

h e  obser-  

The cons t an t  dV /dx beyond out  

i 

L 

b 
I -r 

2-22 \ 6952-4-3 

I , b  

a 



-500 

-400 

-300 

-200 

E u -100 

5 > 
0 

+ 20 

+40 

+60 

+80 

6 .  

73620840 , 

1 

A" I I 1 1 1 I I I I I 

-- 

TEMITTER i n s  .c 
TCESIUM 350 .c 
TCOLLECTOR 600.c 

ROOT 
D.C. CURRENT 38amps 

.002 .004 .006 .008 .010 .012 
SPACING, inch * 

FIG. 2-14 FIRST DERIVATIVE aF VOLTAGE-SPACING CURVE 

69 5 2 -Q -3 2 -23 



2.3 Cesiated Work Function Measurements 

2.3.1 Measurement Techniques 
t 

I n  a l l  of t h e  repor ted  measurements, t he  volt-ampere 

c h a r a c t e r i s t i c s  are obtained by the  combined dc and ac method. 

method is  u t i l i z e d  s i n c e  i t  t r aces  an ins tan taneous  C h a r a c t e r i s t i c  a t  

f ixed  p a r d e t e r  temperatures.  

by the e l e c t r o n i c  load. The sweep t ransformer then sweeps out  a given 

p o r t i o n  of t he  complete I-V c h a r a c t e r i s t i c  around t h i s  dc poirft.  Col- 

l e c t e d  c u r r e n t  i s  determined by measuring t h e  vo l t age  drop a c r o s s  a 

c a l i b r a t e d  , 0.1-percent-accurate shunt  and d isp layed  on t he  y-ax is  of 

an X-Y scope. Applied vo l t age  or generated vo l t age  is  measured 

d i r e c t l y  a c r o s s  the  v e h i c l e  leads and d isp layed  on the  x-axis of the 

osc i l l o scope .  I n  order  t o  a c c u r a t e l y  d e t e d n e  s a t u r a t e d  emission,  

i t  i s  necessary  to sweep the a rc  v o l t a g e  as much as 2 v o l t s  , i n to  the  

app l i ed  vo l t age  quadrant.  Since the  diodes i n  the  e l e c t r o n i c  load ,  

This  

The dc ope ra t ing  p o i n t  is u s u a l l y  set  
b 

! 

discussed  i n  prev ious  r e p o r t s ,  cannot  hold-off  more than 0 . 5  v o l t s ,  

t h e  e l e c t r o n i c  load was replaced by a manual load a c r o s s  the  v e h i c l e  

and a low inductance,  l o w  impedance, secondary step-duwn transformer 

employed as a sweep source.  The s a t u r a t e d  emission is def ined  as the  

i n t e r s e c t i o n  of the  ex t rapola ted  Schot tky s lope  and s lope  of the  

plasma reg ion .  The l a r g e  appl ied  vo l t age  is necessary  t o  d e f i n e  t h e  

Schottky s lope .  Figure 2-15 c o n s i s t s  of t h r e e  volt-ampere charac-  

t e r i s t i c s  wi th  an  appl ied  vol tage  of between 1.5 and 2.0 v o l t s .  

a s s u r e  that a t r u e  s a t u r a t e d  emission was being measured, the  emission 

w a s  measured a t  t h r e e  i n t e r e l e c t r o d e  spacings:  0.001, 0.003, and 

0.096 inch. The c h a r a c t e r i s t i c s  show t h a t  the  measured s a t u r a t e d  

To 

emission was cons tan t  w i t h i n  * 5  percent  while  t h e  spacing v a r i e d  by 

a f a c t o r  of i i x .  
* .;- Exact de te rmina t ion  of temperature is a very  impor- . 

t a n t  p a r t  of a c c u r a t e  e l e c t r o n  emission measurements. For a l l  temper- 

a t u r e  de t e rmina t ions ,  o the r  than the  emitter and c o l l e c t o r ,  c a l i b r a t e d  

69 5 2-4 -3 
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chromel-alumel thermocouples t r aceab le  t o  the  Nat iona l  Bureau of 

Standards were used. The emission measurements were conducted over 

the  'emitter temperature range between 1000°K and 2000'K. The tem- 

p e r a t u r e  f o i  t he  h igher  p o r t i o n  of the  emitter range (above 1200'C) .' 
can be determined very accu ra t e ly  by comparing t h e  co lo r  of 8- to-1 

blackbody h o l e  i n  the emitter with a micro-opt ica l  pyrometer. 

1200 C ,  o p t i c a l  temperature measuring methods r e q u i r e  l a r g e  co r rec -  

tions due t o  r a d i a t i o n  r e f l e c t i o n s  and e m i s s i v i t y  changes. Therefore ,  

thermocouples a r e  r equ i r ed  t o  measure the temperature ranges below 

12OO0C. 

thermocouples were a t t ached  t o  the emitter by tantalum pads. These 

Be low 
0 

Tungsten 5 percent  rhenium, tungs ten  26 percent  rhenium 

t thermocouples were c a l i b r a t e d  by plat inum rhodium couples  i n  the  

lower range and blackbody holes  i n  the  h igher  range t o  g ive  the  

s a t u r a t e d  emiseion d a t a  c o n t i n u i t y  over t he  complete temperature 

range. F igure  2-16 shows t h e  thermocouple c a l i b r a t i o n .  

2.3.2 Cesia ted  E m i t t e r  Work Function Resul t s  

Figure 2-17 is a p l o t  of the s a t u r a t e d  e l e c t r o n  

emission from p o l y c r y s t a l l i n e  rhenium. 

r e s u l t s  t o  be obtained from t h i s  f i g u r e :  t he  e l e c t r o n  c u r r e n t  den- 

s i t y  and the  mihimum work funct ion.  The e l e c t r o n  d e n s i t y  measured 

from t h e  p o l y c r y s t a l l i n e  rhenium e m i t t e r  i s  a f a c t o r  of two h ighe r  

than  [ l l O )  s i n g l e  c r y s t a l  tungsten emission (Ref. 1) measured f o r  

approximately t h e  same cesium r e s e r v o i r  temperatures  ( a r r i v a l  rate) , 
and a f a c t o r  of ten h igher  than t h e  c e s i a t e d  e l e c t r o n  emission meas- 

ured from ' p o l y c r y s t a l l i n e  molybdenum (Ref. 2). The minimum work 

f u n c t i o n  for t h e  p o l y c r y s t a l l i n e  rhenium is converging t o  a va lue  of. 
approximately 1.45 v o l t s .  Thislwork func t ion  is between 0.1 and 0.15 

v o l t  less than the  m i n i m u m  work func t ion  r epor t ed  for p o l y c r y s t a l l i n e  

tantalum, p o l y c r y s t a l l i n e  molybdenum (Ref, 2) and { l l o ]  s i n g l e  c r y s t a l  

tungs ten  (Ref. 1). 

There a r e  two s i g n i f i c a n t  

I 

I 
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The importance and va lue  of t h e s e ' d a t a  is t h a t  they 
-. . -sa obtabed h a  system and manner d i r e c t l y  r e l a t e d  t o  ope ra t iona l  

thermionic energy c p v e r t e r s .  Therefore ,  conver te r  performance can 

be a c c u r a t e l y  p red ic t ed  from the d a t a  obtained from t h i s  veh ic l e .  

t 

2.3.3 Co l l ec to r  Work Funct ion Resu l t s  

To determine c o l l e c t o r  su r face  work func t ions ,  the 

s a t u r a t e d  emission from the c o l l e c t o r  must be measured. This is 

obtained by sweeping the volt-ampere.characteristic beyond open 

c i r c u i t u o l t a g e .  

bu t ion  w i t h i n  the  i n t e r e l e c t r o d e  space ,  a l lowing the  ;ollector t o '  

a c t  as an emitter. 

This  is  i n  e f f e c t  r eve r s ing  the  p o t e n t i a l  d i s t r i -  

Figure 2-18 shows two osc i l l o scope  sweeps f o r  

two d i f f e r e n t  sets of parameters. I n  these  photographs the  forward / 

s a t u r a t e d  emission i s  obtained i n  the p o s i t i v e  appl ied  vo l t age  quad- 

r a n t  and the  r eve r se  s a t u r a t e d  emission (from the c o l l e c t o r )  is , 
obtained in t h e  nega t ive  a p p l i e d  voltage,  quaqrant.  

c o l l e c t o r  s u r f a c e  temperature ,  t he  s a t u r a t e d  emission can be p l o t t e d  

ve r sus  temperature ,  i n  the  same manner as the  &der d a t a  were pre- 

sented.  

b 

Knowing the  
* .  

\ 

Since the  c o l l e c t o r  su r face  thermocouple was i nope ra t ive ,  

no a c c u r a t e  de te rmina t ion  of c o l l e c t o r  work , func t ion  could be made . .  
dur ing  these  tests. An approximate c o l l e c t o r  work func t ion  can  be 

determined by making va r ious  approximations.  The f i r s t  q u a r t e r l y  

r e p o r t  d i scussed  t h e  thermal conduction of a mock c o l l e c t o r  under 

. 

I var ious  h e a t  input  and d i s s i p a t i o n  condi t ions .  Xt L/A c o r r e c t i o n s  1 -  

are made t o  c o r r e l a t e  those  data with the  e x i s t i n g  c o l l e c t o r  geometry 

on the  v a r i a b l e  parameter vehicle, the  temperature drop down :'the .eel-. 
l e c t o r  b a r r e l  should be no g r e a t e r  than 100°C f o r  a thermal inpu t  of 

265 watts/cm and no less than 4OoC f o r  a thermal Input  t o  the  c o l l e c -  

t o r  su r f ace  of 150 w a t t s / c m  . Therefore ,  f o r  a c o l l e c t o r  r o o t  temper- 
2 a t u r e  of 727OC and a c o l l e c t o r  s a t u r a t e d  emission of 42.5'Ajcm as 

shown i n  Fig. 2-18, a c o l l e c t o r  work func t ion  between 1.42 and 1.34 

v o l t s  is obtained.  For the.second case i n  Fig.  2-18, the  work func t ion  

would l i e  between 1.45 and 1.36 v o l t s .  

e r i n g  the circumetances,  with t he  emitter s a t u r a t e d  emission d a t a  

presented  i n  Fig. 2-17. 

f 

2 

2 

This c o r r e l a t e s  w e l l ,  consid- 
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2.4 Bare Work Funct ion Measurements d 

Bare work f u n c t i o n ,  o r  more p r o p e r l y ,  low cesium coverage 

( i .e. ,  8 4 0.01), measurements were taken from t h e  rhenium emitter. 

The s a t u r a t e d  e l e c t r o n  emission w a s  measured over t h e  emitter temper- 

a t u r e  range from 1973OK t o  2133OK a t  a r e s e r v o i r  temperaturedof 122% 
which w a s  t h e  minimum achievable.  

way of. t h e  Richardson-Dushman equat ion assuming a pre-exponent ia l  A 
v a l u e  of 120 amps/cm2 - OK . 
of t h e  upper p o r t i o n  o r  high temparature tod of t h e  Langmuir "S" curve  

ranging i n  v a l u e  from 4.45 v o l t s  t o  4.75 v o l t s ,  t h e  l a t t e r  v a l u e  repre-  

s e n t i n g  a close approach to t h e  c o n d i t i o n  of no cesium coverage on t h e  

emitter s u r f a c e ,  

The work f u n c t i o n  was computed by 

2 The work f u n c t i o n  va lues  are i n d i c a t i v e  

* 

2.4.1 Measurement Techniques and Resul t s  
, There a r e  two problem a r e a s  i n  obta in ing  e l e c t r o n  

emission measurements where c u r r e n t  d e n s i t i e s  a r e  low and emitter t e m -  

p e r a t u r e s  high. 

s i n c e  leakage pa ths  are a v a i l a b l e  a c r o s s  cesium-coated ceramics. To 

e l i m i n a t e  t h i s  leakage source ,  a dc n u l l  c i r c u i t  was.employed which 

voided c u r r e n t  leakage over the coLlec tor  and guard r i n g  i n s u l a t o r s .  

The schematic f o r  t h i s  n u l l  c i r c u i t  is shown i n  Fig.  2-19. A l l  i n s t r u -  

ments used i n  t h e  c i r c u i t  were S e n s i t i v e  Research meters c e r t i f i e d  a t  

0.1 percent  accuracy. A point-by-point dc measurement of t h e  t e s t  

v e h i c l e  I-V output  was p l o t t e d  u t i l i z i n g  t h e  n u l l  c i rcu i t .  Three s w h  

I 

Low,curren t ,dens i ty  measurements are d i f f i c u l t  t o  make 

. 
curves are shown i n  Fig.  2-20 where each p o i n t  on t h e  curve is  a dc ,  

s t e a d y - s t a t e  v a l u e  read  from high accuracy meters. 

The second problem i n  o b t a i n i n g  emission d a t a  i s  

a c c u r a t e  temperature measurement of t h e  e m i t t i n g  sur face .  I d e n t i c a l  

t o  all emitter temperature measurements i n  excess of llOO°C r e p o r t e d  

from t h e  t e s t  v e h i c l e ,  t h e  temperature w a s  determined by d i r e c t l y  

viewing a n  8 : l  depth-to-diameter hohlraum wi th  a micro-opt ica l  pyrom- 

eter which is p e r i o d i c a l l y  c a l i b r a t e d  a g a i n s t  a NBS s tandard  lamp: 

1 , 8  

w 

, 
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4 .  

For t h e  high e m i t t e r  temperatures ( i . e . ,  2000°K), t h e  normal t r a n s -  

mission loss through the  b e l l  j a r  increases .  I t  was t h e r e f o r e  neces- 

s a r y  t o ' c o r r e c t  t h e  observed temperature by an  a d d i t i o n a l  8 O C  t o  13OC 

depending on t h e  temperature.  

2.4.2 Discussion of Resul t s  

Table  2-111 s u m r  i z e s  the  measurements taken  from 

t h e  emitter a t  t he  cond i t ions  descr ibed.  The bottom of the "S" curve.  

is evident  from t h e  work funct ion change of only 0.02 v o l t s  over a 

100°C inc rease  i n  emit ter  temperature.  E m i t t e r  temperatures  higher  

than  2133OC are d e s i r a b l e  t o  complete t h e  p i c t u r e  of a noncesium- 

covered v a l u e  of 4.75 volts; hwever , ,h igher  e m i t t e r  temperatures  may 

a l t e r  the  s u r f a c e  s t r u c t u r e  of t h e  emit ter  and render  , t he  preGious pd 

d a t a  and c e s i a t e d  emission measurements nonreprodut i b l e .  

TABLE 2-111  

SUMMARY OF BARE WORK FUNCTION MEASUREMENTS 

a (Volts)  2 J, Amp/cm . .  
-3 

x 10 T(°K) A = 120 amps/cm2 - OK2 

1.8 19 73 4.45 

1.85 2008 4.53 

2.42 2 100 4.55 

3.25 2133 4.75 

NOTE: Data taken a t  a cons tan t  cesium r e s e r v o i r  temperature  of 122OC. 

Curve B from Fig.  2-20 was p l o t t e d  on semilog paper 

t o  analyze t h e  Bo l t zmnn  s lope of t h e  I-V curve.  Except a t  t h e  bottom- 

most p o r t i o n  of t he  curve where some exponent ia l  behavior  is apparent ,  

t h e r e  does not  appear t o  be a t r u e  r e t a r d i n g  f i e l d  p o r t i o n  of t h e  curve.  

This  l ack  6f l i n e a r i t y  is probably caused by t h e  presence o f  cesium 

a t o m  i n  t h e  i n t e r e l e c t r o d e  spacing g iv ing  r i s e  t o  c o l l i s i o n s .  As 

noted p rev ious ly ,  i t  w a s  not p o s s i b l e  t o  e a s i l y  lower t h e  r e s e r v o i r  

temperature  below 122%'. . 



1 ; .  

2.5 .? Cesium Conduction Measurements and Resu l t s  

2.5.1 Measurement Techniques 

To measure the  hea t  t r a n s f e r  from a thermionic 

emi t t e r  due t o  cesium vapor conduction r e q u i r e s  the  d e t e c t i o n  of 

small changes in hea t  input  t o  the e m i t t e r .  Therefore ,  i t  i s  

d e s i r a b l e  t o  reduce o r  completely omit e l e c t r o n  emission from the 

emitter dur ing  the  course of these pleasurements s i n c e  the hea t  

_ -  

t r a n s f e r  a s soc ia t ed  with e l e c t r o n  evapora t ion  from an emi t t i ng  

su r face  may be 10 times t h a t  fo r  cesium tonduct ion.  The measure- 

ments of cesium conduct ion h e a t  t r a n s f e r  were always taken a t  a 

cond i t ion  of no c u r r e n t  flow i n  t h e  tes t  veh ic l e .  

The procedure for t ak ing  the  cesium conduction 

measurements i3 as f 0 1 1 0 ~ :  

1. 

2. 

3.  

4 

0 The, emitter temperature i s  set  at .1735 C t r u e ;  the  c o l -  

l e c t o r  r o o t  temperature i s  set  a t  465 C and an i,nitial 

i n t e r e l e c t r o d e  spacing of some a r b i t r a r y  va lue  (e.g., 1 

mil) is set .  

The cesium r e s e r v o i r  temperature is s e t  a t  some i n i t i a l  

law va lue  such as 300 C and the  e l e c t r o n  bombardment 

vo l t age -cu r ren t  is measured f o r  t h e  preset cond i t ions  of 

0 

0 

= 1735OC ( t r u e )  3, Tcol l ,  root = 465OC, and spacing of . TE 
1 m i l .  

P rog res s ive ly  increas ing  ces ium r e s e r v o i r  temperatures  

are e s t a b l i s h e d  and the  inc rease  i n  bombardhnt  power t o  

main ta in  t h e  p r e s e t  e m i t t e r  temperature is recorded. The 
c o l l e c t o r  r o o t  temperature i s  f ixed  by a temperature con- 

t r o l l e r  which r egu la t e s  t he  h e a t e r  input  power t o  the 

c o l l e c t o r  t o  account for the  a d d i t i o n a l  h e a t  i npu t  v i a  

cesium conduction. Measurements were also taken by decreas-  

ing t he  cesium vapor p re s su re  t o  reproduce the d a t a .  

f 
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The sources  of p o s s i b l e  e r r o r  i n  these  measurements 

are: reading accuracy of the meters which is about  0.5 pe rcen t ,  the 

spacing gages which are accura te  t o  wi th in  fO.OOO1 inch ,  and t h e m o r  

couple readings  of t h e  r e s e r v o i r  which is a *l percent  chromel-alumel 

thermocouple. 

2.5.2 Measurement Resul t s  4 

Measurements were made according t o  the procedure 
ou t l ined  4 above f o r  i n t e r e l e c t r o d e  spacings of 0 .2 ,  0.5, 1, 2 ,  and 3 

m i l s ,  and cesium r e s e r v o i r  temperatures ranging from 573 0 K t o  700°K. 

I n  a l l  c a s e s ,  the  c o l l e c t o r  root  temperature  was preset and c o n t r o l l e d  

a t  a cons tan t  738'K whi le  the  emi t t e r  bombardment power was ad jus t ed  

t o  maintain an  emitter temperature of 2008'K. 

The r e s u l t s  of t he  measurements a t  the two c l o s e s t  
/ spac ings  are shown in Table 2-IV. 

a r e  shown i n  the  f i r s t  column and the  corresponding cesium vapor 

p re s su res  i n  the second.column. 

from the equat ion  (Ref. 3):  

The cesium r e s e r v o i r  temperatures 

The vapor p re s su res  were c a l c u l a t e d  

I or 

. 
TC s 

<OK> 
573 

603 

617 

64 1 

* log p (torr) = 6.91 - (3.80 x 1 0 3 ) / ~  c s  C S  

4041 
11.0531 - 1.35 loglo T(OK) - - 

lo% p* T (OK) 

TABLE 2-IV 

BOMBARDMENT POWER REQUIRED FOR Te = 1735OC 
AS A FUNCTION OF TCs FOR I;NTERELECTRODE S P A C I E S  

m 0.2 AND 0.5 Mus 

W = 0.2 m i l  W = 0.5 m i l  
D L 
L 

AH H an c s  H 
m w w m,  ( t o r r )  

I 
1.9 261.9 

4.1 
. 5 . 5  274.9 

9.3 282.5 , 2 1 0 . 9  , 281.9 >lo. 0 

i., 
6952-4-3 



The t h i r d  and f i f t h  columns show t he  t o t a l  bombardment power de l ive red  

t o  the  emitter t o  main ta in  the  emi t t e r  a t  1735OC a t  the  ind ica t ed  

cesium r e s e r v o i r  temperatures f o r  the  spacings of 0.2 and 0.5 m i l s ,  

r e spec t ive ly .  Note t h a t  these  va lues  r ep resen t  s e v e r a l  power l o s s e s  
I . i n  a d d i t i o n  t o  cesium vapor conduction l o s s e s  and,  t h e r e f o r e ,  t h e i r  

_-  magnitudes are less important  than t h e i r  d i f f e rences .  The power d i f -  

f e r ences  between the  f i r s t  and t h i r d  r e s e r v o i r  temperatures  and the 

second and fou r th  r e s e r v o i r  temperatures  are shown i n  t he  f o u r t h  and 

s i x t h  columns. 

bombardment c u r r e n t  and bombardment vo l t age  wi th  a meter reading  

accuracy of 0.5 pe rcen t ,  the  reading e r r o r  i s  about 1 percent  i n  the  

absolute 'magnitudes.  This results i n  an  e r r o r  i n  the _di f fe rences  i n  

p w e r  that can  be as h igh  as J . 5  watt@-  

Since each power measurement is made by measuring 

The r e s u l t s  of t h e  measurements a t  the  l a r g e r  spac- 

ings are shown g r a p h i c a l l y  i n  Fig. 2-21. 

d i f f e r e n c e s  c a l c u l a t e d  from the  measured power l e v e l s .  Each curve is 

The p l o t t e d  p o i n t s  are power 

' i d e n t i f i e d  by the  i n t e r e l e c t r o d e  spacing i n  m i l s .  The e r r o r s  i n  these  

d a t a  points are comparable t o  those of the clbse-spacing d a t a  of 

Table 2-IV, al though the r e l a t i v e  e r r o r  i s  less. 

c a l c u l a t e d  from t h e  semiempirical  aquat ion  determined by K f t r i l a t i s  

and Meeker (Ref. 4), with  the  cons t an t s  shown i n  the  f igure .  

a 
?e solid l i n e s  a r e  

2.5.3 Discussion of Resu l t s  
* 

Although a l l  the cesium conduction measurements were 

made a t  r e l a t i v e l y  high cesium pregsures  from about  1 t o r r  ' t o  30 t o r r ,  

t h e r e  are two t r a n s p o r t  regimes represented  by the d a t a  of Table 2-IV 
and F i g .  2-21. 
spac ings  i n d i c a t e  a free-molecule t r a n s p o r t  while  those made a t ' t h e  

l a r g e r  spacings i n d i c a t e  t r anspor t  is occurr ing  i n  the t r a n s i t i o n  

r e g i o n  between free-molecular  and mass o r  V ~ S C O U S  flaw. 

, I  4 .  

The d a t a  from the  measurements a t  0.2 and 0.5 m i l  

t 

. .  

6952-4-3 2-37 



If 

II 

I 

Y 

I1 

c V 

I 1 I I 1 
0 
c ,  

0 
el 

, 

z 
0 
P I -  
N 
U z 
0 
U 

3 
H 
VI 
w 
U 

r( 

c.1 
I 

6952 -4-3 



. 
Free ‘molecular heat  t r a & p o r t  w i l l  occur when the  

cesium mean free pa th  is approximately equal  t o ,  02 g r e a t e r  than ,  the  

i n t e r e l e c t r o d e  spacing and i s  cha rac t e r i zed  by i t s  independence df 
spacing. This  c h a r a c t e r i s t i c  is shown by the p a r e r  d i f f e r e n c e s  of 

Table ‘2-IV f o r  the  two c l o s e  spacings.  Within experimental  e r r o r ,  

t hese  d i f f e r e n c e s  are i d e n t i c a l  a l though the  spacings d i f f e r  by a 

f a c t o r  o’f 2 .5 . .  Estimates of t he  cesium mean f r e e  pa th  basad on 

hard-sphere i n t e r a c t i o n s  a r e  c o n s i s t e n t  a l s o  wi th  t h i s  i n t e r p r e t a -  

t ion .  Assuming a cesium diameter o f . 4  t o  7A and cesium atom number 

d e n s i t i e s  ranging from 3.2’1016 
1 7  a t u r e  t o  1.4’10 

ranges from a maximum of 1 .7  m i l s  f o r  the  low p r e s s u r e  and smaller 

diameter  t o  O . l , m i l  a t  the  higher  p re s su re  and l a r g e r  diameter .  

equa t ion  used f o r  t hese  e s t ima tes  i s  

0 

a t  the  lowest r e s e r v o i r  temper- 

cm-3 a t  the  h ighes t  temperature ,  t h e  mesa f r e e  path 

The 

where 

0 = hard-sphere diameter 

n = number d e n s i t y  

For f ree-molecular  t r a n s p o r t ,  t he  h e a t  flow between 

p a r a l l e l  p l a t e s  f o r  monatomic cesium i s  g iven  by (Ref. 5): 

H E  2 a  p k S (Te - Tc) e 

- e f f e c t i v e  accommodation c o e f f i c i e n t  f o r  h e a t  t r a n s f e r  ae 
p - cesium a r r i v a l  rate 

k = Boltzmann’s cons tan t  

S = area of the  p l a t e s  

Te, Tc = emitter and c o l l e c t o r  temperatures 

/‘ 

c 

I -  
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The a r r iva l  ra te  is c a l c u l a t e d  by 

! 

where 
I 

m = mass of t h e  cesi,um atom - vapor p re s su re  of cesium in  t h e  reservoir, 

The appropr i a t e  temperature i n  t h i s  equa t ion  i s  t he  temperature a t  the 

po in t  where the  cesium e n t e r s  the i n t e r e l e c t r o d e  r eg ion  from the  

channel connect ing this r eg ion  and the  r e s e r v o i r .  For the  test veh ic l e , .  
t h i s  temperature is t he  c o l l e c t o r  temperature.  Using Te - Tc 
1.24' lo3 '5 and Tc = 760°K, 

H (watts) 5 3,8 Ore S Pcs 

f o r  P,, in torr and S i n  cm 2 . The d i f f e r e n c e ,  AH, between the  hea t  

conducted a t  two cesium pressures  is . .  

c s  
b A = 3 . 8 a e S b P  

* 

assuming cons tan t  a_ and S. Using the  d a t a  of Table 2-IV f o r  the four  
C 

power d i f f e r e n c e s  shown, a S v a r i e s  from 0.5 cm2 t o  1.3 cm 2 with an 
2 e 2 average of 0.9 cm . FOE an area of 2.4 c m  , t h i s  i n d i c a t e s  the e f f e c -  

t i v e  acc&odation c o e f f i c i e n t  is 0.4. 

d a t a  wi th  cons iderable  r e l a t i v e  e r r o r ,  is c o n s i s t e n t  wi th  the  r e s u l t s  
of o t h e r s  (Re:. 6) for h e a t  t r anspor t  i n  the  molecular flow regime. 

Since t he  accommodation c o e f f i c i e n t  a t  t h e  low cesium coverages on 

the  emitter a t  these  temperatures and p res su res  is undoubtedly ver'y 

This r e s u l t ,  a l though pased on 

c l o s e  t o  unity, i t  i s  reasonable  to conclude the  va lue  0.4 is charac-  

t e r i s t i c  of the  c o l l e c t o r  su r face  covered by a t  least one monolayer of 

cesium. 
1 
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The data for spacings of 1 m i l  and larger has not 

been examined completely during t h i s  report period. 

experimental error, i t  follows the predictions of the semiempirical 

equation of Kitrilakis and Meeker (Ref. 4).  The resul ts  of these 

measurements w i l l  be investigated i n  de ta i l  i n  subsequent reports. 

However, within 

, 

.I 
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3 .  CONVERTER STUDY AND SECONDARY EXPERIMENTS 

3.1 Interelectrode Spacing 

A thermal mockup of a converter was fabricated with the same 
L f A  ratio as the converter SN-101. The intention is to experimentally - 
measure directly tho at-temperature interelectrode spacing of the 

simulated converter. 

This section will describe the interelectrode spacing vehicle, 
show theoretical calculations and show the experimental results. 

Spacing information from the test vehicle will be corrslated to con- 

verter fabrication, techniques. L 

3.1.1 Theoretical Calculations of the Converter Thermal . Mockup 

Figure 3-1 is a cross section of the interelectrode 

spacing vehicle thermal mockup. The emitter heat choke was machined to 
give a L / A  ratio similar to that of a converter. It has a 0.003-inch- 
thick wall for a length of 0.200 inch. 

L/A = 

L 

LJA = 

0..200 x 2.54 
3.14 x-0.633 x 3 x 6.45  x loe3 

3.85 x lo-* 

* (  

5.08 x LO-' 

13.2 cm-' 

c 

To minimize the cost of the emitter heat choke it was made of tantalum 
rather than rhenium. The thermal expansion characteristics of tantalum 
are v e r y  slrnilar to rhenium (Ref. Fig. 3 - 2 ) .  

I 

In order to calculate the interelectrode spacing, a 
temperature distribution of the emitter heat choke was taken. Fig. 3-3  

s h o w  the teatperature distribution o f  ths envelope. The interelectrode 

6952-4-3 
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spacing i s  the expansion o f  t he  e m i t t e r  envelope p l u s  t h e  expansion 

of t he  sea l  minus the c o l l e c t o r  expansion. 

a t  room temperature is  s t r e s s - f r e e ,  the  thermal expansion of, t he  

emitter envelope can be ca l cu la t ed  using a piece-wise s o l u t i o n .  

i s  f e l t  that a piece-wise so lu t ion  is v a l i d  because s u f f i c i e n t  number 

o f  p ieces  (seven) w i l l  be taken. The expansion i s  51 = l o  

where A 1  is the  change i n  length ,  l o  i s  the  i n i t i a l  l ength  at room 

temperature ,  9 i s  the c o e f f i c i e n t  o f  thermal expansion o f  tantalum 

(Ref. 7 )  and 3T i s  the  change in  temperature .  

Assuming t h a t  t he  emi t t e r  

It 

AT, 

The t o t a l  expansion of the  envelope is  a summation o f  

t he  smaller members. 

4 + * - * - * -  + 317 
A1 = A l l  + 51 + A 1  + dl  2 3 

&Ll a 01.7  inches  x 1 . 2 7  x 10 -4 = 2.06 x 13 -4 

A12 = 01.9 inches x 1.16 x = 2 . 2 0  x 

o13 = 01.9  inches  x 1.10 x 10 -4 = 2 . 0 9  x 

, ~ l &  = 01.7  fnches x 1.06 x 10 -4 = 1.80 x 10 -4 

A15 = 02.0 inches  x 1.01 x l f 4  = 2 . 0 2  x 

A16 = 01.9 inches  x 0.96 x 10. = 1.82 x 
-4 

AI7 - =  09.0 inches  x 3 . 7  x 10 -4 ;i 6.30 
18.29 x 

Therefore ,  t h e  c a l c u l a t e d  change i n  the  emitter envelope is 0.00183 

in&. 

, 

Likewise,  the thermal expansion of t h e  seal  assembly 

can  a l s o  be c a l c u l a t e d .  

c 'oef f ic ien t  o f  thermal expansion a s  the  niobium metal member, 

Assuming t h a t  t h e  ceramic member has  t h e  same 

@. 8) 
with an average s e a l  temperature o f  650 0 C ,  the  cy of niobium i s  

' 0.51 x for IY 0.50 inch ye have 



0.50 inch  x 0.51 x LO-' = 0.0026 inch  

i 

Therefore ,  t h e  seal  expansion i s  0.0026 inch.  

. The molybdenum c o l l e c t o r  expansion f o r  a c o l l e c t o r  

measuring l eng th  ( lo)  of 0.650 inch ,  assuming an average  c o l l e c t o r  

temperature  of 700 C ,  is c y =  0.35 x 10 (Ref. 9) and g ives :  

ALc 3 0.650 inch x 0.35 x 10 

cu la t ed  change i n  the  i n t e r e l e c t r o d e  spacing is: 

A5 = (0.00183 inch*+ 0.0026 inch) - 0.00228 inch - 0.00215 inch with  an 

opera t ing  temperature  of  1735 C on the  e m i t t e r ,  an  average c o l l e c t o r  

temperature  of 700 C ,  and a seal  temperature o f  650 C .  

I 

0 - 2  

- 2  
= 0.00228 inch. Therefore ,  t he  c a l -  

0 

0 0 

, 
3.1.2 Di rec t  Experimental Measurement of  I n t e r e l e c t r o d e ,  

Spac i n q  

Direct measurements o f  the  i n t e r e l e c t r o d e  spacing 

were made by o p t i c a l l y  measuring the gap d i s t a n c e  a t  temperature by 

s i g h t i n g  through a 0 .038- inchdiameter  ho le  which was d r i l l e d  i n  the 

. side of t h e  emitter envelope assembly. 

F igure  3-4 shows t he  t e s t i n g  'setup. 

40 - l i t e r  -per-second vacuum ion  pump w a s  used t o  mini,mize f l o o r  v ib ra -  

t i o n s .  P rec i s ion  o p t i c a l  measurements a r e  taken through an o p t i c $ l l y  

f l a t  qua r t z  window i n  a qua r t z  b e l l  j a r .  

measured by s i g h t i n g  through a Bausch and Lomb micrometer drum cross-  

h a i r  eyepiece mounted on a 75 power microscope. 

was c a l i b r a t e d  a g a i n s t  a ru l ed  micrometer s t a g e  (Bausch and Lomb 

31-16-89). 

f 0.0001 inch. The emitter temperature of  t h e  conver te r  mockup was 

var i ed  from 1250 C t o  1800 C with an  e l e c t r o n  bombardment heater. ,  The 

tantalum emi t t e r  has a 1O:l depth t o  diameter  hohlraum f o r  micro 

o p t i c a l  pyrometer temperature measurements. 

A se l f -conta ined  

The spacing was d i r e c t l y '  

The micrometer drum 

The e s t a b l i s h e d  accxracy o f  t h i s  o p t i c a l  system is 

0 0 . 
c * 

The sea l  and envelope were f a b r i c a t e d  as  an assembly 

and electron-beam welded t o  t h e  c o l l e c t o r .  

' .  
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The molybdenum c o l l e c t o r  was bored t o  accommodate an. 

immersion thermocouple. Tantalum sheathed h e a t e r s  were brazed t o  

the  c o l l e c t o r  roo,t.  The hea te r s  a l low the average c o l l e c t o r  tempera- 

t u r e  t o  be va r i ed  i n  o rde r  t o  allow the de te rmina t ion  o f  the e f f e c t s  

of c o l l e c t o r  temperature  o n . t h e  i n t e r e l e c t r o d e  spacing.  

The e m i t t e r  c o l l e c t o r  spacing was se t  a t  0.003 

inch whaa f ab r i ca t ed .  

lope is i n  a s t r e s s  f r e e  s t a t e  a t  room temperature .  

Thir spacing i n s u r e s  that the emitter enve- 

Dis tances  between the e m i t t e r  and c o l l e c t o r  were 

measured by focusing on the  s e l e c t e d  e l e c t r o d e  and a l i g n i n g  t h e  cross-  

h a i r  of the micrometer drum a t  the  s u r f a c e  of t at e lec t rode ;  t h e  crass-, 

hair uae, then moved, counting the  number of drum revohtione, until 
i t  w a s  a l lgned  wi th  t h e  su r face  of t he  o t h e r  e l e c t r o d e .  Th i s  procedure 

was then reversed ,  A t  least  s i x  readings  were taken a t  each set  of 

parameters.  

,P 

Direct o p t i c a l  de te rmina t ion  o f  the  spacing y ie lded  

v a r i a t i o n s  up t o  0.0002 inch from reading t o  reading .  The v a r i a t i o n  

in t he  readings  i s  dependent upon the  a b i l i t y  t o  p r e c i s e l y  €OFUS on 

t h e  e l e c t r o d e  f aces  when they a r e  a t  temperature .  A t y p i c a l  a t -  

temperature  p i c t u r e  of the, gap r eg ion  looking through the  microscope 

is shown i n  F ig .  3-5. (The c ross -ha i r s  i n  the p i c t u r e  are o u t  o f  

focus to  accommodate the  camera.) 
r Figure  3-6.shows the  change i n  i n t e r e l e c t r o d e  spacing 

f o r  var ious  emi t te r  temperatures ,  and seal temperatures  o f  608 degrees  

and 650 degrees .  The ca l cu la t ed  change i n  i n t e r e l e c t r o d e  spacing of 

0.0025 inch  and the  experimental ly  measured spacing changes of  0.0023 

= 1 7 3 5 ,  Tcoll 700 0 C, Tsea l  = 65OoC show c l o s e  
inch at  Temi t te t  
agreement. 

* Calculated values  f o r  t h e  spacing change cannot be 
+ 

more a c c u r a t e . t h a n  f 5 percent ,  because t h e  bes t  publ ished d a t a  a v a i l -  

. *  
I 

a b l e  f o r  t he  c o e f f i c i e n t  of  t h e r m a l  expansion (0) vary by t h i s  amount. 



. 

C o l l e c t  o r  

I n  t ere lec t rode 
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E m i t t e r  
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F I G .  3-5 PHOTOGRAPH OF INTERELECTRODE SPACING AT AN 

EMITTER TEMPERATURE OF 1735'C. 

T~~~~~~~~ = 7OO0C. INTERELECTRODE SPACING 

MEASURED T O  BE 5.6 MILS 
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-6 o For example, 99 .90  p u r e  niobium h a s  an ~y of 8.03 x 10 / C ,  and 99 .92  

pure niobium has an of 8.45 x 10 1 C .  (Ref.  10).  This  v a r i a t i o n  

i n  a is  due to  d i f f e r e n c e s  i n  the p u r i t y  of the  mat$r ia l  ihvolved.  

a r u l e ,  the  h igher  the  p u r i t y  of a p a r t i c u l a r  m'aterial  the  l a r g e r  i t s  

-6 o 

As 

therma) expansion (Q). 

3.1.3 Problems i n  Achieving P rec i s ion  I n t e r e l e c t r o d e  
Spacing i n  Thermionic Converter Hardware 

I n  conver te r  ope ra t ion ,  a l a rge  AT i s  p re sen t  i n  the  

c o l l e c t o r  due to  the  thermal load caused b y  the  conver te r  c u r r e n t .  

This  AT must be considered when c o r r e l a t i n g  the spacing d a t a  obta ined  

from the  i n t e r e l e c t r o d e  spacing dev ice  w i t h  an ope ra t ing  conve r t e r .  

A t  50 ampere conve r t e r  c u r r e n t  wi th  a 1.88 cm2 c o l l e c t o r  c ros s  s e c t i o n  

a r e a ,  the AT i n  the molybdenum c o l l e c t o r  i s  115 C .  A t  70 amperes con- 

v e r t e r  c u r r e n t ,  t h e  c o l l e c t o r  AT i s  150 C .  

0 / 

0 

When f a b r i c a t i n g  a conve r t e r ,  the  a b i l i t y  t o  achieve 

an  ope ra t ing  spacing t h a t  is  accura t e  t o  f 0.0001 inch  i s  dec ided ly  a 

func t ion  o f  t he  f a b r i c a t i o n  processes  such as machine t o l e r a n c e s ,  

annea l ing ,  electron-beam welding, and braz ing .  

h e  fabrlcatfon procedure e n t a i l s  electron-beam weld- 

ing  the emit ter  on  the  rest  of t h e  conver te r  as  the  f i n a l  subassembly 

s t e p .  

s tress i n  the  rnetal-to-ceramic s e a l .  I f  t h e  emit ter-envelope sub- 

assembly i s  seal brazed to  the c o l l e c t o r  subassembly as the  f i n a l  

f a b r i c a t i o n  process ,  t h e  spacing a t  ope ra t ing  temperature w i l l  b e  

detenined. by v a r i a b l e  brazing tempera tures ,  v a r i a b l e  braze  run-out,  

and annea l ing  s t a t e  of f l ange  m a t e r i a l s .  Also,  i f  the emit ter  a'nd 

c o l l e c t o r  su r faces  a r e  i n  con tac t  the  s e a l  braze i s  made i n  compres- 

This  i n su res  not  o n l y  the d e s i r e d  spacing bu t  a l s o  e l imina te s  

- 

s i o n ,  and v a r i a b l e  s t r e s s e s  a r e  induced i n  the  s e a l  and envelope. 
I 

A r e a l i s t i c  t o l e rance  for p r a c t i c a l  conver te r  i n t e r -  

e l e c t r o d e  spacings should be i 0.0002 inch .  

t 

s 
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3.2 Electron-Beam Welding of  Niobium t o  Niobium 

An exper hnenta l  i n v e s t i g a t i o n  was $onduc t ed  t o  examine the 

f e a s i b i l i t y  of electron-beam welding p re fab r i ca t ed  ceramic-metal  

seals t o  t h e  c o l l e c t o r .  Sample welds of niobium shee t  were made t o  

molybdenum p l a t e  t o  determine a schedule  t h a t  r e s u l t e d  i n  good pene- 

t r a t i o n  i n t o  the  molybdenum. A schedule  o f  150 kV x 4.2 mA a t  a p a r t  

speed of  91 in . /min y ie lded  pene t r a t ion  through the  0.020 inch  niobium 

shee t  and approximately 9.025 inch i n t o  the  molybdenum p la t e .  A 

niobium f lange  w a s  then welded t o  a molybdenum rod u t i l i z i n g  t h i s  

schedule;  however, t he  assembli  leaked. A subsequent  aasembly a l s o  

leaked.  A niobiumLniobium weld conf igu ra t ion  was prepared by f i r s t  

b raz ing  a niobium r i n g  t o  a mlybdenum ba r  and then electron-beam 

welding a 0.020 inch  niobium f l ange  t o  i t .  The r e s u l t a n t  j o i n t  w a s  

l eak  t i g h t  and m e t a l l u r g i c a l l y  examined f o r  pene t r a t ion .  

is  a photograph of the  weld i n d i c a t i n g  p e n e t r a t i o n  through the  f lange  

and 0.020 inch  i n t o  t h e  backup r i n g .  

F igure  3-7 

There has  been a notable  lack of  b ina ry  diagrams and in fo r -  

mation.concerning t h e  niobium-molybdenum system. Hansen (Ref. 11) 

devotes  only  a paragraph t o  niobium-molybdenum concluding'  t h a t  

"Nb and Mo form an unin ter rupted  series of body centered cubic  s o l i d  

so lu t ions . "  However, more recent  work (Ref. 12) on the  Nb-Mo system 

ind ica te s : 

1. In termedia te  a l l o y s  of  Nb-Mo c o n t a i n  l a rge  pores  i n d i c a t i n g  

t h a t  m-Mo and Mo-Nb d i f f u s i o n  r a t e s  i n  t h e  melt are q u i t e  

d i f f e r e n t .  

2. An increase i n  hardness  from 200 k g / m  for 100 percent  

molybdenum, t o  420 kg/nan2 f o r  molybdenum wi th  o n l y  15 per'- 

cen t  a d d i t i o n  of  niobium. 

From t h i s  very pre l iminary  survey i t  may be suspected t h a t  t h e  e l ec t ron -  

beam welding of  Nb t o  Mo could be a marginal process  s i n c e  both mate- 

r i a l s  are brought to t h e i r  melting po in t  i n  the  weld zone wi th  t h e  

attcddknt, formation o f  a Nb-Mo a l l o y  having p r o p e r t i e s  s u b s t a n t i a l l y  
A *  

d i f f e r e n t  than the two base materials.  

, . -  . .I-. . ,*;'. . 0. 
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F I G .  3-7 ELECTRON-BEAM WELD OF 0.020-INCH 
THICK NIOBIUM RING TO 0.060-INCH 
THICK NIOBIUM RING. BEAM VOLTAGE 
OF 150 kV x CURRENT OF 2.8 mA. 
PART ROTATION SPEED OF 40 rpm 
(Mag loox) 
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4.  CONVERTER SN- 10 1 (FABRICATION AND PROCESSING) 

Converter  SN-LO1 is  being f a b r i c a t e d  u t i l i z i n g  the  d a t a  from t h e  

v a r i a b l e  parameter t e s t  v e h i c l e  and informat ion  obta ined  from the 

secondary experiments.  

from t h e  same m i l l  run  as those used i n  the  t es t  v e h i c l e  and processed 

i n  an i d e n t i c a l ,  manner. The i n t e r e l e c t r o d e  spacing of SN-101 i s  being 

s e t  a t  3 . 6  m i l s  t o  o b t a i n  t h e  optimum performance of 15 ,5  watts/cm2 a t  

0.8 v o l t  dc output  f o r  a n ' e m i t t e r  temperature  of 1735OC ( t rue ) .  To 

o b t a i n  a spac ing  of  3 . 6  mils a t  tempera ture ,  the conve r t e r  is being 
f a b r i c a t e d  wi th  a spac ing 'of  0.0008 t o  0.001 inch a t  room temperature.  

S ince  t h e  rhenium emitter is t h e  l a s t  p a r t  t o  b e  j o ined  t o  the  exhaust  

assembly, accu ra t e  he ight  measurements of t he  emi t t e r  support  s t r u c -  

t u r e  and c o l l e c t o r  subassembly can be taken t o  g r ind  a shoulder  on t h e  

emitter circumference.  Th i s  shoulder  w i l l  form a b u t t  j o i n t  w i t h  t h e  

envelope and a l low t h e  emitter t o  be  s e l f - f i x t u r e d  dur ing  t h e  E-B weld 

ope ra t  ion. 

The e l e c t r o d e s  are rhenium p l a t e  s t o c k  t aken  

The e l e c t r o n  beam welding ope ra t ions  f o r  conver te r  SN-201 a r e  

rhenium t o  rhenium and niobium t o  niobium. The rhenium weld is t h e  

at tachment  of t h e  emi t t e r  t o  t h e  emi t te r  support  s t r u c t u r e .  A weld 

schedule  of 150 kV x 4 .9  mA at a p a r t  speed of 80 fn,/min was found t o  

produce good p e n e t r a t i o n  welds and remain l e a k  t i g h t  through r epea ted  

thermal cyc le ,  The niobiym weld al lows t h e  ceramic-metal seals t o  b e  

p r e f a b r i c a t e d ,  l eak  checked and then  jo ined  t o  t h e  envelope/co l lec tor  

subassemblies.  In t h i s  manner t h e  conve r t e r  f a b r i c a t i o n  r e l i a b i l i t y  

is increased  and t h e  i n t e r e l e c t r o d e  spac ing  can be accura t e ly  p r e s e t .  

The'ceramic-metal seals a r e  be ing  p r e f a b r i c a t e d  by j o i n i n g  nio- 

bium f l anges  t o  high p u r i t y  alumina w i t h  N i - Z r  b r aze  material. 

f l ange  th ickness  of 0.020 inch was chosen t o  improve t h e  mechanical 

s t a b i l i t y  of t h e  s e a l  s t r u c t u r e  and consequent ly ,  t h e  v i b r a t i o n  

A 



t 8 '  

8 

r e s i s t a n c e .  

100°C/min f o r  250 c y c l e s  and remained leak  t i g h t  when t e s t e d  w i t h  a 

helium mass spectrometer  of 5 x 10 cc-acom/sec s e n s i t i v i t y .  These 

same seals have been operated a t  7OOOC f o r  500 hours ,  determined t o  

be l e a k  t i g h t  and re turned  t o  test for an a d d i t i o n a l  1000 hours.  

Sample seals have been thermal-cycled a t  a r a t e  of  

- LO 

6 

Converter SN-LO1 i s  present ly  being assembled by j o i n i n g  t h e  

p r e f a b r i c a t e d  s e a l  s t r u c t u r e  t o  t h e  c o l l e c t o r  and emitter envelope 

subassemblies as shown i n  Fig. 4-1. 

t u r e  is j o i n e d ,  i n  compression, t o  t h e  molybdenum c o l l e c t o r  w i t h  a 

nickel-gold a l l o y  which was ex tens ive ly  t e s t e d  f o r  thermal  i n t e g r i t y  

and determined to be s a t i s f a c t o r y .  

thermal watts can b e  d i s s i p a t e d  by t h i s  s y s t e m  corresponding t o  a 

s teady  state 70 ampere operat ion.  For lower c u r r e n t  levels ,  s e p a r a t e  

h e a t e r  u n i t s  are mechanically a t tached  t o  t h e  f i n s  t o  a l low f o r  para- 

m e t r i c  op t imiza t ion .  

The copper r a d i a t o r  f i n  s t r u c -  

It has been c a l c u l a t e d  t h a t  200 

e 
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5 .  PROGRAM FOR NEXT QUARTER 

5.1 Variable Parameter Test Vehicle r 

3 

Evaluation of the rhenium-rhenium electrode system will 
be concluded b y -  acquiring the rest of the 0.7V and 0.6V dc con- 
verter optimization data. In addition, more pd curves will be ob- 

tained and analyzed. 

a rhenium-molybdenum system will be evaluated in the same depth. 

After the rhenium-rhenium system is completed, ' 

5 .2  Secondary Experiments 

The operation of a niobium-zirconium brazed, ceramic-metal *, 

seal will be terminated after 2000 hours at 70OoC. 

the seal  assembly will be metallurgically examined. 

After leak check, 

5.3 Converter Design, Fabrication and Test 

The converter design and fabrication will proceed with 
data from the variable parameter vehicle and converter secondary 

experiments. 

system spaced at 3 . 6  mils f o r  maximum power output at 0.8V dc. 

Converter SN - 102 will have,a rhenium-rhenium electrode 

1 
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