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I. INTRODUCTION 

Fluoride vapor-deposited tungsten has been shown to form a 

mechanically stable and easily fabricated thermionic emitter structure. 

It has been used with a niobium collector in many fixed-spacing hard

ware converters for both in-pile and out-of-pile life tests. A complete 

performance map of this electrode pair showing the dependence of out

put power on converter parameters has not been available. Such data 

are useful for diagnosis and evaluation of the life test results. In this 

work, parametric data are obtained in a research, variable-spacing 

thermionic converter for a wide range of converter parameters. 

Attempts were also made to measure the cesiated work function 

of the electrodes. The transient effects observed showed that, unlike 

other materials, the emission characteristics of this emitter depend 

on its temperature history preceding the test. This dependence was 

attributed to the diffusion of an impurity element, possibly carbon, 

in the fluoride tungsten material to the emitter surface. It is known 

that the performance of fluoride tungsten emitters is considerably 

lower than that of other emitters (e. g. , chloride tungsten) , The 

present data indicate that the performance at low temperatures (less 

than 1800°K) would have been even lower if additives were not diffusing 

through the emitter. The data presented here are believed to be 

representative of fluoride tungsten emitters. 

1 
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II CONVERTER CONSTRUCTION 

The emi t te r was fluoride vapor-depos i ted bv San Fernando 

Labora to r i e s , e l ec t r i ca l d ischarge machined to rough dimensions 

and then surface ground It was then vacuum-f i red for one hour 

at 1980°C A photomicrograph of the resul t ing surface is shown 

in F igure 1. X - r a y diffraction m e a s u r e m e n t s of the annealed 

emi t te r showed a high degree of <C100> orientat ion with a re la t ively 

large grain s ize. F igure 2 s u m m a r i z e s the degree of surface or ien

tation about the O 0 0 > planes 

A schemat ic of the conver ter is shown in F igure 3 The 

collector and guard body were machined from molybdenum bar 

stock. The active a rea was formed by brazing a sl ice f rom niobium 

bar stock to the molybdenum body. The ent i re a s sembly was then 

machined to the final dimensions A niobium emi t te r shield is used 

as both a radia t ion and p lasma shieM and a getter . 

2 
The e lec t rode surface a r e a s a r e 2 cm for the col lector and 

2 
3 cm for the emi t t e r . The guard ring extends approximate ly 60 mi l s 

beyond the edges of the projected emi t t e r a r e a Spacing is adjusted 

and m e a s u r e d by t h r e e m i c r o m e t e r s c r ews (shown in F igure 2) fas 

tened to the emi t t e r and guard support s t ruc tu re s . Spacing can be read 

to a prec is ion of about 0. 5 mil, with a minimum value of 0. 25 to 0. 5 

mi l s . A m o r e detailed descr ip t ion is given in Appendix A and in 

Reference 1. 

Emi t t e r t empe ra tu r e is de te rmined by optical oy romet ry on a 

hohl raum in the back surface of the emi t t e r ; t e m p e r a t u r e readings 

a r e co r r ec t ed to surface values using the bombardment power input 

to give the heat flux. The accuracy of the m e a s u r e m e n t s is ± 10°K. 

2 
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Thermocouples close to the respec t ive surfaces a r e provided for 

col lector and guard t empe ra tu r e measuremen t . Reference 2 descr ibes 

the t e m p e r a t u r e m e a s u r e m e n t and the required cor rec t ions . 

The col lec tor and guard s t ruc tu r e s were vacuiim-fired before 

final a s sembly . P a r t i c u l a r ca re was taken throughout outgassing to 
-7 

maintain the pump p r e s s u r e below 5 x 1 0 t o r r . If the p r e s s u r e 

exceeds this value considerably during some stage of the outgassing, 

oxides might be formed on the in ternal surfaces and r e l ea se oxygen 

during the subsequent thermionic operat ion of the conver ter . 

To avoid introducing impur i t i e s with ces ium, a meta l capsule 

containing p red i s t i l l ed cesiumi was used; this capsule was p r e p a r e d 

by refluxing the ces ium while pumping through a cold t r ap . With 

this sys t em the conver te r was not exposed to any additional con

taminants during cesia t ion 

3 
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IIL VACUUM WORK FUNCTION 

The vacuum work function of a s imi l a r ly p r e p a r e d emi t t e r was 

4. 66 eV. The value obtained in the conver ter for this emi t t e r was 

4. 7 eV. These values a r e h igher than expected for fluoride tungsten 

(~4. 6). In view of the ex t reme sensi t ivi ty of low work function tungsten 

to oxygen contamiinationy and because the backgroiind p r e s s u r e s were 

h igher than usual during the m e a s u r e m e n t s , these values a r e believed 

to be e r roneous . 
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IV. PERFORMANCE MEASUREMENT 

Before pe r fo rmance t e s t s were initiated, the cesiated conver te r 

was examined for oxygen contamination (as descr ibed in Reference 1). 

F igu re 4 shows the col lector family obtained from this tes t . The 

curves only shift pa ra l le l to the voltage axis , indicating that a change 

in sa tura t ion cu r r en t due to oxygen re l eased from the col lectors 

did not occur . 

Fami l i e s of vo l t - ampere cha rac t e r i s t i c s were obtained by 

changing the ces ium p r e s s u r e while the other conver ter param.eters 

were held constant . The data cover the emi t te r t empera tu re range 

of 1600 to 2000 °K and the in t e re l ec t rode spacing range of 0. 5 to 40 

m i l s . Typical ces ium famil ies for the in tere lec t rode spacing of 

10 m i l s a r e shown in F igures 5 through 9 and the data for other 

in t e re l ec t rode spacings a r e shown in Appendix B, The emi t t e r 

t e m p e r a t u r e indicated r e p r e s e n t s the t empera tu re at the emitting 

surface , and the col lector t e m p e r a t u r e s were chosen to be in the 

vicinity of the opt imum va lues . The output voltage is m e a s u r e d 

from a voltage tap at the cold end of the emi t te r s leeve and requ i res 
2 

a co r rec t ion of 1. 5 mV per a m p / c m for conversion to e lectrode 

vol tage . In o r d e r to facil i tate the use of these data for analyses 

and co r r e l a t i ons of conver te r p a r a m e t e r s , the ces ium p r e s s u r e (P) 

and the in t e re l ec t rode spacings (d) in these data a r e chosen to provide 

Pd products of . . . , 5, 10, 20, 40, . . . m i l - t o r r . A table for 

convers ion f rom ces ium r e s e r v o i r t empe ra tu r e to ces ium p r e s s u r e 

is shown in Table I, and the envelopes of the cesium famil ies a r e 

summar i zed in F igures 10 through 14. Each curve in these f igures 

5 
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r e p r e s e n t s the opt imized pe r fo rmance with r e s p e c t to ces ium p r e s s u r e 

and col lector t e m p e r a t u r e . The fully optimized pe r fo rmance is shown 

in F igu re 15. 

The pe r fo rmance of the p r e s e n t emi t te r m a t e r i a l is conapared 

with that of " s ing l e - c rys t a l " (110) tungsten and duplex tungsten in 

F igure l6 This compar i son shows that fluoride tungsten is a poor 

emi t t e r . In F igures 17, 18 and 19, the low pe r fo rmance is fur ther 

emphas ized . The smal l values of optimum spacing a r e addit ional 

evidence that the emi t t e r r e q u i r e s a re la t ively high value of ces ium 

p r e s s u r e for a given operat ing cu r r en t . The pe r fo rmance of this 

combination is also consis tent with that observed in h a r d w a r e devices 

and can be used for compar i sons . 

TABLE I 

CESIUM VAPOR PRESSURE 

1 Tempera tu re 

1 °^ 

163 

171 

179 

187 

196 

204 

214 

223 

234 

244 

255 

"K 

436 

444 

452 

460 

469 

477 

487 

496 

507 

517 

528 

P r e s s u r e ! 

T o r r j 

0 . 0 1 6 

0 . 0 2 2 

0 . 0 3 1 

0 , 0 4 4 

0 . 0 6 3 

0 . 0 8 8 

0 13 

0 . 1 7 8 

0 . 2 5 

0 . 3 5 

0 , 5 0 

jTempe^ 

°C 

266 

278 

291 

304 

318 

332 

347 

363 

380 

398 

416 

ra tu re 

°K 

539 

551 

564 

577 

591 

605 

620 

636 

653 

671 

689 

P r e s s u r e 

T o r r 1 

0.71 

1. 0 

1.4 

2 . 0 

2. 8 

4 . 0 

5. 7 

8 .0 

1 1 . 

16 . 

2 3 . 
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V TRANSIENT BEHAVIOR 

During the cesiated work function measu remen t s on this con

v e r t e r , ce r ta in inconsis tencies were observed in the data Analysis 

of the conver te r behavior showed that the i r reproducibi l i ty of the 

work function m e a s u r e m e n t s was caused by the dependence of e lec t ron 

emiss ion on the t e m p e r a t u r e h is tory of the emi t t e r . When the emi t t e r 

was flashed at 2000 °K for 10 minutes and then suddenly reduced to 

1700°K, the sa tura ted emiss ion c u r r e n t great ly inc reased with time 

F igures 22 and 23 show the tiine dependence of cur ren t and the c o r r e s 

ponding work function depress ion at the ces ium te inpera ture of 480 °K-

Data obtained at h igher ces ium t e m p e r a t u r e s showed the same qualitative 

fea tures but the work function depress ion was considerably l e s s . 

The t ime constant involved is much l a rge r than that for the 

desorpt ion of ces ium; therefore , another element or "addit ive" mus t 

be involved. F u r t h e r examination of the conver ter did not show de

pendence of the emiss ion on the t empe ra tu r e of the conver ter com

ponents such as the col lector , the guard or the emi t te r ring^ indicating 

that the "addit ive" is probably diffusing from the emi t t e r body to the 

emi t t e r su r face . 

Chemical analysis of the fluoride tungsten m a t e r i a l from which 

the emi t t e r was made was performied by Dr. L. Yang of Gulf General 

Atomic. The r e su l t s a r e : 

7 
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fluorine 3 ppm/weight 

carbon 22 ppm/weight 

hydrogen 0. 6 ppm/weight 

oxygen 2. 2 ppm/weight 

ni t rogen 0. 8 ppm/weight 

These quantit ies a r e not unusual for CVD fluoride tungsten. The 

observed emiss ion c h a r a c t e r i s t i c s can be caused by fluorine^ 

oxygen or poss ibly by carbon. This behavior is quali tat ively 

s i m i l a r to the emiss ion c h a r a c t e r i s t i c s of thor ia ted tungsten 

e m i t t e r s . There a r e two competing p r o c e s s e s that control the 

coverage of the additive on the su r face : diffusion of the additive 

through the emi t t e r m a t e r i a l to the surface, and evaporat ion of 
3 

the additive from the sur face . According to Langmui r ' s work, 
the r a t e of change of coverage with t ime is given by 

N-^T = DG - v e , (1) 
dt 

where 9 is the coverage , N is the number of additive a toms p e r 
2 

cm in a complete monatomic adsorbed film (0-1), D is the diffusion 

coefficient of the additive in the me ta l , G is the concentrat ion gradient 

jus t under the adsorbed film and v6 is the evaporat ion ra t e f rom the 

surface at 6 . 
Integration of the above equation with the boundary conditions 

t = 0 ; e = ©0 (2) 

t = <»; e = " = e (3) 
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yields 

where 

e = ^ + (9o - -5^) exp ( - t / r ) (4) 
V V 

T = - . (5) 

Assuming a l inear re la t ionship between work function and coverage, 

0 = a 0 + b , (6) 

and using the Richardson Equation, 

J = A T ^ exp ( -0/kT) , (7) 

equation 4 becomes 

In J - In J 

03 '^ 

where JQ and J r e p r e s e n t the c u r r e n t density at t = 9 and t = 0° . 

As the emi t t e r t e m p e r a t u r e is inc reased from 1700 °K to 

2000°K, the evaporat ion ra te i n c r e a s e s raore rapidly than the product 

DG; hence^ 8 d e c r e a s e s (see eq. 3). Subsequent quenching to 1700 °K 

re su l t s in a low init ial cu r r en t Jg • Current density then slowly in

c r e a s e s w^ith t ime to the value of J (eq. 8). Rewriting equation 8 

gives 

In (In J - In J) = In (In J - In JQ ) - - . (9) 
00 00 " <f 

A plot of In (In J - In J) as a function of t ime should yield a s t ra ight 

l ine with a slope given by - l / r . Such a plot is shown in F igure 24,, 

9 
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using the data in F igure 23, for the flashing t e m p e r a t u r e of 2000 °K 

and an activation t e m p e r a t u r e of 1700 °K, Similar r e su l t s were 

observed at other act ivation t e m p e r a t u r e s . The calculated t ime 

constants a r e t rans formed into the evaporat ion r a t e s of the additives 

from the meta l surfaces and summar i zed in F igure 25. Also shown 
4 5 

a r e the t ime constants for oxygen and fluorine on tungsten. Data 

a r e not available for the evaporat ion ra te of carbon or tungsten. The 

avai lable data on carbon cannot be t r ans fo rmed into the evaporat ion 

r a t e , although repor ted t ime in te rva ls s imi la r to those in the p r e s e n t 

work have been observed . F u r t h e r m o r e , the p r e s e n t data show a 

discontinuity at the t e m p e r a t u r e of 1730°K. The discontinuity is 

not due to exper imenta l e r r o r s , s ince the data a r e reprodiic'ible*; 

r a the r , it appear s to be due to a phase t rans format ion . Baker and 
6 

Gaines detected two emiss ion s ta tes corresponding to WC and W C. 

The power data repor ted in the previous sect ion cor respond 

to the pe r fo rmance after equi l ibr ium conditions a r e reached for each 

erni t ter temiperature . An exper iment was c a r r i e d out to de te rmine 

the effect of the additive on the power output of the conver te r . The 

e m i t t e r temiperature was flashed at 2000 °K for 10 minutes and then 

reduced to 1700°K, and a ces ium family was obtained. F igu re 26 

shows the opt imized ces ium envelopes for these two famil ies at the 

col lector t e m p e r a t u r e of 670 °K. The pe r fo rmance significantly i m 

proves with t ime after f lashing. Although the ces ium famil ies w^ere 

not obtained at optiinum col lector t e m p e r a t u r e , it appea r s that the 

pe r fo rmance of this conver te r at low t e m p e r a t u r e s would have been 

even w o r s e if additives -were not diffusing through the emi t t e r . The 

power data r epor t ed in the previous section co r respond to the p e r 

formance after equi l ibr ium conditions a r e reached for each emi t t e r 

t e m p e r a t u r e . 

10 
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Figure 1. Photomicrograph of Representat ive 
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j j igure 3. Schematic Diagram of a Research Thermionic Converter . 
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at Tg = 1600°K, 
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Figure 6. Variable Cesium Tempera tu re Family 
at T^ = 1700°K. 
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Figure 8. Variable Cesium Tempera tu re Family 
at TE = 1900°K. 
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F i g u r e 9. V a r i a b l e C e s i u m T e m p e r a t u r e F a m i l y 
a t Tp = 2 0 0 0 ° K . 
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Figure 10. Ces ium Optimized Pe r fo rmance for Several 
In te re lec t rode Spacings at T^ = 1600°K. 
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The tes t conver ter is a v a r i a b l e - p a r a m e t e r r e s e a r c h - t y p e 

device. It u t i l izes an act ive col lector guard ring and a planar geometry 

The p a r a m e t e r s whose values can be var ied and accura te ly controlled 

include the emi t t e r t e m p e r a t u r e , the in te re lec t rode spacing^ and the 

col lector and r e s e r v o i r t e m p e r a t u r e s . The active collector guard 

ring r e n d e r s the conversion p r o c e s s free from any radial geometr ic 

dependence, and p r e c i s e l y defines the active a r ea of the device The 

conver t e r together with i ts support ing spacing mechan i sm and hea te r s 

i s shown in a schemat ic drawing in Figure A-1 and m a photograph in 

F igure A-2 . xhe conver te r i tself is shown in F igure A - 3 . 

The emi t t e r is mounted above the collector a s sembly and has a 

s leeve extending away f rom the col lec tor This a r r a n g e m e n t great ly 

r educes s t r a y effects due to s leeve emiss ion . A niobium shield 

surrounding the s leeve fur ther reduces the s t r ay emiss ion cu r r en t s 

while at the same t ime it s e r v e s as a get ter and provides the rmal 

pro tec t ion for the spacing bel lows. The emi t te r is heated by electron 

bomibardment from a fi lament mounted inside the emi t te r s leeve, while 

a tanta lum shield on the e lec t ron gun keeps the sleeve from being bom 

barded . A hohl raum in the r e a r face of the emi t te r is used for t empera

t u r e m e a s u r e m e n t . Several additional holes a r e provided for ther rao-

couple or photocell t e m p e r a t u r e m e a s u r e m e n t and control 

The co l l ec to r -guard a s sembly is fabricated from molybdenum 

but provides for different e lec t rode m a t e r i a l s through the use of b r a z e d - m 

pla tes in the act ive conver te r region. A sapphire spacing ring de te rmines 

the ve r t i ca l dis tance between the guard and col lector e lect rode surfaces 

A value of 1 - 1, 5 mil is es tabl i shed during machining The radial al ign

ment is mainta ined by a s e r i e s of sapphi re balls re ta ined in a groo^^^e 
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j u s t below the col lector face. The radia l spacing is about 4 m i l s . 

A pa i r of thermocouple holes in the guard is used for t e m p e r a t u r e 

cont ro l . In the collector , t he re a r e th ree sets of holes which provide 

additional heat flux m e a s u r e m e n t capabi l i t ies . The act ive a r e a of the 
2 2 

col lector is 2 cm , while that of the emi t te r is 3 cin , A col lec tor 
guard a s sembly is shown in F igure A-4 . 

The flexible nickel bellows is pa r t i a l ly welded together before 

being b razed to the emi t te r and col lec tor subassembl i e s . The final 

diode c losure is made by e lec t ron beam welding the emi t t e r sect ion 

bellows flange to that of the col lec tor sect ion. There is sufficient 

flexibility to allow spacing excurs ions from 0 to 100 mi l . The col lector 

and guard h e a t e r - c o o l e r s a r e mainta ined in good the rmal contact with 

the col lector and guard s t ruc tu r e s by spr ing- loading on the t apered 

mat ing su r faces . The design allows the e lect rode t e m p e r a t u r e s to 

be control led with both high and low^ cu r ren t s tat ic loading. 

Cesium p r e s s u r e in the conver te r is controlled from a liquid 

r e s e r v o i r connected to the act ive region by a tube on the mounting 

pla te for the emi t te r s leeve . The r e s e r v o i r is e lec t r ica l ly heated 

and water cooled to give a fast r e sponse when the t e m p e r a t u r e mus t 

be changed. The h e a t e r - c o o l e r is a r r anged to maintain the t e m p e r a 

tu re gradients in the liquid to l e s s than 1 °K. 

In te re lec t rode spacing is adjusted by varying the dis tance 

between the emi t te r r ing and the guard support p la te . The spr ing 

loading on the h e a t e r - c o o l e r s also s e r v e s to maintain solid contact 

between the r igidly mounted guard locating pla te and the guard surface . 

Three micromete rs , , mounted on the wate r -coo led emi t t e r support 

plate , a r e extended to the guard locating plate through th ree c e r a m i c 
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rods . The m i c r o m e t e r control shafts a r e brought through the top 

plate of the vacuum bell j a r to allow spacing adjustment during 

conver te r operat ion. A gear box on the outside of the bell j a r 

provides e i ther separa te or combined control of the m i c r o m e t e r s . 

Spacing changes may be read d i rec t ly from the m i c r o m e t e r s and a 

zero re fe rence is es tabl ished by momenta r i ly shorting the conver ter . 

The e lec t rodes can be set and maintained para l le l within 0. 3 mi l s kt 

the emi t t e r edge, and the spacing mechan i sm has a prec is ion of 

0. 2 m i l s . Minimum spacing is typically 0.2 -0=5 mil but tends to 

i^icrease each t ime the device is shor ted and ma te r i a l is pulled 

from the col lector . Usually a min imum is determined for each 

emi t t e r t e m p e r a t u r e during initial test ing and this value is used 

for all fur ther experiments. . 
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r^ 

Figure A - 1 . Resea rch Variable P a r a m e t e r Conver ter . 
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70-TR-5-1 

Figure A-2. Variable P a r a m e t e r Converter , Ready 
for Outgassing. 
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70-TR-9-2 

Figure Variable P a r a m e t e r Converter without 
Tubulation. 
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F igure A-4. Collector Guard Subassembly. 
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