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ABSTRACT 

Elec t r i ca l power degradation from the operat ion of many 

s e r i e s - p a r a l l e l c i rcui ted cesium diodes in a thermionic r eac to r 

must be considered when a nonflattened nuclear power d is t r ibu­

tion exis ts over the volume of the r eac to r co re . This exper iment 

m e a s u r e s the loss of power and efficiency due to unequal heat 

inputs to s e r i e s - or para l le l -connected diodes, and studies the 

operating cha rac t e r i s t i c s of a mult iple-diode sys tem. The resu l t s 

a r e applied to a specific thermionic r eac to r configuration with a 

ra t io of maximum to min imum diode heat input of 1.85. The min i ­

mum degradation of power and efficiency w^as found to be 41 and 

19%, respect ively , a t optimized operating conditions. 
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I. INTRODUCTION 

The purpose of this exper iment is to determine the loss of 

e lec t r i ca l power output due to operating many unequally-heated 

cesium diodes, connected in se r i e s and para l le l c i rcu i t s . The 

problem a r i s e s in the thermionic r eac to r application, where 

unequal heating is the resu l t of a spacial nonuniformity of nuclear 

power production caused by neutron leakage. 

Subjects covered in this paper on in-c i rcu i t diodes include; 

a) The verif icat ion of the actual and predicted per for ­

mance degradat ion due to unequal heating; 

b) The optimization of operating var iab les for maximum 

performance , and; 

c) The explorat ion of operat ional problem a r e a s . 

The resu l t s of the exper iment should be valuable in determining 

the importance of nuclear pow^er flattening, and to the under ­

standing of the operat ional behavior of in -c i rcu i t diodes. 
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II. EXPERIMENTAL APPARATUS AND PROCEDURES 

A. GENERAL 

The apparatus consis ts of three identically p repared , cy l indr ica l -geometry 

diodes and the n e c e s s a r y ins t rumentat ion requi red to t es t two diodes s imul tane­

ously in ei ther independent, s e r i e s , or para l le l c i r cu i t s . 

In the f i r s t p a r t of the exper iment the th ree diodes were tes ted independently 

to obtain data for: (1) computing the performance of s e r i e s and para l le l diode 

c i rcu i t s , and (2) comparing their performance to determine if diodes can be 

manufactured Avith the same operating c h a r a c t e r i s t i c s . Then two of the diodes 

were tes ted in s e r i e s and para l le l c i rcui ts to: (1) determine if the actual and the 

computed per formances agree , and (2) investigate likely operational problem 

a r e a s . 

B. THE DIODES 

1. Design 

Figure 1 shows a c r o s s - s e c t i o n of the cylindrical geometry diode con­

figuration and a l i s t of the ma te r i a l s and dimensions of impor tance . A r c - c a s t 

molybdenum bar and T-304 s ta inless steel bar were selected for the emi t te r and 

col lector , respect ively , because of previous operating and fabricating experience 

with these m a t e r i a l s . Whether or not these ma te r i a l s r ep resen t those which will 

be used as e lec t rodes in a thermionic reac tor is not especial ly innportant because 

the degradation resu l t s probably will not be very sensit ive to the type of r e f r ac ­

tory metal emi t te r or col lector . 

The cyl indrical geometry is the f i rs t choice for the e lect rode configura­

tion since it is the most probable geometry for use in a prac t ica l r eac to r 
12 3 design. ' ' The in te re lec t rode spacing was set at 0.010 ± 0.0003 in. which is 

4 
a compromise between high performance at small spacings and rel iabi l i ty at 

l a rge r spacings. Besides , from the considerat ion of nuclear fuel swelling, which 

usually accompanies fuel burnup, very smal l spacings appear an unlikely choice. 
2 

The emit ter a r ea available for power production is 7,00 cnn and includes only 

the outer cyl indrical surface . The emi t te r s tem and end a r e sufficiently r e ­

moved from the col lector that little additional power should be rea l ized from 

these a r e a s . 
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DIODE CONFIGURATION 

HEATER LEAD PASSES 
THRU GLASS A B O V E -

EMITTER 
HEATER LEAD-

HIGH VOLTAGE 
INSULATOR 
(2 AT l ao * ) 

KOVAR-GLASS 
VACUUM SEAL-

JACK SCREW 
(3 AT 1 2 0 ° ) -

HIGH VACUUM 

V->0 

LIST OF MATERIALS AND 
DIMENSIONS OF IMPORTANCE 

EMITTER-MOLYBDENUM 

COLLECTOR-TYPE 304 STAINLESS STEEL 

CESIUM RESERVOIR-COPPER 

GETTER-TITANIUM 

INSULATING VACUUM SEAL-HIGH 

ALUMINA CERAMIC-MoMn METALIZED 

COPPER BRAZE-KOVAR FLANGES 

INTERELECTRODE SPACE (COLD),0.01 " 
± 0.0003 

EMITTER STEM AREA TO LENGTH 

RATIO-0.0150 cm 

EMITTER AREA (COLD) - 7.00 cm^ 

8-20-62 7569-1803 
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One of the objectives of the diode design is to produce diodes with equal 

pe r fo rmances . If this can be accomplished, severa l advantages a r e real ized; 

f i r s t , the consis tency of per formance between the diodes w^ill lend to the c red i ­

bility of the data. Second, in diode production it is of in te res t to know pe r fo rm­

ance reproducibi l i ty in advance. If this i s poss ible , then the per formance of a 

multidiode power plant should be amenable to calculation using the data of a 

r ep resen ta t ive diode. 

The degree of per formance reproducibi l i ty depends on many factors 
5 

which include those of impuri ty concentration, unifornnity of emi t te r surface 

w^ith r e spec t to work function, uniformity of e lec t rode t empera tu re prof i les , and 

machining to l e rances . The importance of the in tere lec t rode tolerance is acute 

at very close spacings because of the ex t reme sensit ivi ty of the per formance to 
4 

spacing changes as ze ro spacing is approached. The e r r o r in the in tere lec t rode 

spacing of the diodes in this exper iment is es t imated to be ±0.0003 in. which is 

3% of the spacing. Variable spacing data indicate that this would resu l t in a 

±5% deviation in power output. It is noted that e r r o r in spacing is for each 

diode but that it is ent i re ly possible the e r r o r in spacing between the three 

diodes could be less than ±3%. All of the previous discussion on spacing 

a s s u m e s an accura te center ing of the cyl indrical emi t te r within the col lector 

and perfect cyl indrical su r faces . This i s , of course , not an exact real i ty in the 

experiment but i s probably a l e s s important effect. 

• The uniformity of emi t te r t empera tu re profi les has an innportant effect on 

per formance reproducibi l i ty because of: (1) performance sensit ivity to emi t te r 

t empera tu re , and (2) the dependence of the emi t te r temiperature profile on the 

position of the ertiitter heater^ The importance of irnpul-ities can be el iminated 

if it is possible to p r epa re ex t remely "clean" diodes, p r epa re them by exactly 

the same method and s tandards , and use a ge t te r . The emi t te r c rys ta l or ienta­

tion effect is reduced by machining all the emi t te r? from the same piece of 

mate r ia l , in the same orientation, and by the same machining p rocedure . 

The emi t te r and i ts lead a re machined from.a single piece of a r c - c a s t 

molybdenum ba r . The geometry of the emi t te r lead, that i s , the ratio, of the 

c ros s - sec t iona l a r ea to the length, is an important design var iab le . This ra t io 
7 

is optimized for maximum efficiency in the following equation by considering 
2 » • 

the I R power losses and the heat conduction losses in the lead. 
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-,1/2 

opt 77K(Tj,-T^) 

where 

J = c u r r e n t / e m i t t e r a r ea 

A--, = emi t te r a r ea 

L = lead length 

p = lead e lec t r ica l res i s t iv i ty 

K = lead the rmal conductivity 

77 = diode efficiency 

Tp, = emi t t e r t empera tu re 

Tp = col lector t empera tu re 

It is noted that in o rde r to calculate (A/L) it is n e c e s s a r y to know the 

operating var iab les J, T p , and T^,. Before the diode is tested, however, these 

var iables a r e unknown, so it becomes neces sa ry to predic t the per formance 

based on the data of e a r l i e r diodes. At the t ime of the diode design the cu r r en t 

exper iments indicated that in o rder to rel iably achieve a reasonable diode life 

(hundreds of hours) it was neces sa ry to l imit the emi t te r t empera tu re to about 

1650''C. The emi t te r s tem A / L rat io was calculated on this bas is at 0.015 cm, 

which is the A / L on the diodes tes ted. 

By the t ime the diodes were fabricated and ready for test ing, however 

confidence was es tabl ished in emi t te r operat ion at 1800'*C, so this value was 

used as a maximum allowable t empera tu re for long t e rm operat ion. Because of 

the potentially higher values of J obtainable from 1800°C emi t te r operation, the 

design value, 0.015 cm, which was then optimum is now smal le r than optimunn 

for 1800°C operat ion. The end resu l t is that the per formance is lower than 
2 

optimum due to an excess ive I R power loss in the lead. 

The diodes a r e completely welded and b razed containments which have the 

advantage of operat ion without mechanical seals such as O- r ings . This feature 

should make the inherent rel iabi l i ty of each diode g r ea t e r . Pa r t i cu l a r attention 

was given to the design of the welding flanges in o rder to prevent excess ive 
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h e a t i n g of the p a r t s du r ing we ld ing and to ob ta in few f a b r i c a t i o n r e j e c t s . D u r i n g 

the f a b r i c a t i o n of the t h r e e d i o d e s , 27 s u c c e s s f u l w e l d s w e r e m a d e wi thou t any 

r e j e c t s . 

The i n s u l a t i n g v a c u u m s e a l i s a c o m m e r c i a l p r o d u c t ( C a r b o r u n d u m Company) 

m a d e of high a l u m i n a con ten t c e r a m i c which i s M o - M n m e t a l i z e d on the f lange 

a r e a s and then c o p p e r - b r a z e d to the K o v e r f l a n g e s . Th i s type of s e a l w a s found 

to be r e l i a b l e in c e s i u m v a p o r a t t e m p e r a t u r e s up t O ' ~ 6 0 0 ' ' C . In the d e s i g n the 

e x t e r i o r of the s e a l o p e r a t e s in a i r , t h e r e f o r e , to p r e v e n t ox ida t ion of the K o v a r 

f l anges and the c o p p e r b r a z e , the s e a l i s n i c k e l - and r h o d i u m - p l a t e d a f t e r i t h a s 

b e e n w e l d e d to the d iode p a r t s . The a d v a n t a g e s in hav ing the s e a l e x p o s e d in a i r 

a r e : (1) e a s y c o n t r o l of the s e a l t e m p e r a t u r e m a y be o b t a i n e d by add ing or r e ­

m o v i n g g l a s s i n s u l a t i n g t a p e , and (2) p r o v i d e s ou t s i de c o n n e c t i o n s for the e m i t t e r 

l e ad , the diode t e m p e r a t u r e p r o f i l e t h e r m o c o u p l e s , and the vo l t age p r o b e s . 

A t i t a n i u m g e t t e r i s p r o v i d e d to a b s o r b g a s e s evo lved in to the i n t e r d i o d e 

v o l u m e . The g e t t e r i s c y l i n d r i c a l l y s h a p e d and p r e s s e d in to the i n s i d e of the 

c o l l e c t o r top f l ange . The t e m p e r a t u r e of the g e t t e r i s m o r e or l e s s dependen t 

on the c o l l e c t o r t e m p e r a t u r e but i t c a n be a d j u s t e d by e i t h e r hea t i ng o r cool ing 

the c o l l e c t o r f l ange . In the e x p e r i m e n t , the g e t t e r o p e r a t e d a t about lOO^C be low 

the c o l l e c t o r t e m p e r a t u r e . 

The e m i t t e r h e a t e r c h a m b e r is m a d e of a s t a n d a r d 1-1/2 in . K o v a r g l a s s 

t u b u l a r s e a l , a s sho^vn in F i g u r e 1. The K o v a r f lange i s w e l d e d to a s t a i n l e s s 

s t e e l f lange which i s in t u r n w e l d e d to a n i cke l f l ange . The s t a i n l e s s s t e e l f l ange , 

b e s i d e s f o r m i n g the bo t tom end of the h e a t e r c h a m b e r , a l s o p r o v i d e s a t ab l e for 

pos i t i on ing the h e a t e r f i l a m e n t . The h e a t e r f i l a m e n t l e a d s a r e s u p p o r t e d on h igh -

vo l t age i n s u l a t o r s . T h e s e i n s u l a t o r s a r e w e l d e d to a w a s h e r , the p o s i t i o n of 

wh ich i s a d j u s t e d by t h r e e j a c k i n g s c r e w s l o c a t e d a t 120 d e g r e e s . The h e a t e r 

f i l amen t i s then p o s i t i o n e d by t i l t ing the w a s h e r on w h i c h the high vo l t age i n s u l ­

a t o r s a r e l o c a t e d . 

The u p p e r end of the h e a t e r channber (not show^n in F i g u r e 1) i s c o n n e c t e d b y 

•way of a s ide a r m to a g l a s s v a c u u m man i fo ld which a c c o m m o d a t e s the h e a t e r 

c h a m b e r s of s e v e r a l d i o d e s . The g l a s s t hen a c t s a s an i n s u l a t o r b e t w e e n the 

e m i t t e r s of the d i o d e s . The man i fo ld i s c o n n e c t e d to a t w o - i n c h , h i g h - v a c u u m , 

diffusion p u m p . An op t i ca l window is l o c a t e d d i r e c t l y above the h e a t e r c h a m b e r 

for view^ing the i n t e r i o r of the e m i t t e r . 
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Both the collector and the cesium r e se rvo i r a re provided with means for 

cooling and heating. The collector is fitted with a heavy, Ni-Rh plated, copper 

sleeve, \vhich is cooled by a i r flow through dri l led passages in i ts wall as shown 

in Figure 1, The sleeve is heated on its outside surface by a wound-Nichrome 

wi re . The collector t empera tu re is controlled by regulating the air flow. The 

cesium r e s e r v o i r is a pinched-off copper tube potted in si lver so lder . The pot 

is a i r cooled by a sp i ra l tube soldered to its outside surface, and it is heated 

from the bottom by a 50-w^ soldering i ron. The cesium r e s e r v o i r t empera tu re 

is controlled by regulating the power to the hea te r . 

2. Fabr ica t ion 

5 8 The diode pa r t s w^ere p repa red by s tandard vacuum tube techniques. ' 

The metal l ic pa r t s in contact w^ith the inter-diode volume were machined w^ithout 

the use of coolants or oils containing sulfur, then individually outgassed, and 
5 

joined by r e t o r t a r c welding in an iner t a tmosphere . Special j igs for maintain­
ing al ignments and c l ea rances , as well as chill b a r s for welding operat ions 
were used during assembly . 

After the diode was assembled, all the ex te r ior , except the cesium 

rese rvo i r , was nickel-rhodium plated for oxidation r e s i s t ance . In o rder to main­

tain the des i red t empera tu re profile over the length of the diode, g lass thermal 

insulation was applied. The in ter-diode space was then connected to a liquid 

nitrogen t rapped high vacuum diffusion pump [manifold p r e s s u r e 10 Tor r 

(mm Hg)] via the copper ces ium filling tube extending from the bottom of the 

diode. The diode was ins t rumented and operated as a vacuum diode with the 

emi t te r t empera tu re at about 1800°C. The collector tennperature was maintained 

at 800''C to expel gasses remaining from the handling and fabricat ion. Opera-
_7 

tion v/as continued until the manifold p r e s s u r e leveled out at 8 x 10 T o r r . 

Cesium (99-99% purity) was loaded into the diode using the "breakoffski" 
5 

technique, and the filling tube was pinched off. The ent i re copper ces ium r e s ­
ervoi r and thermocouple w^ere set in a molten bath of 603 BT solder contained 
in a nickel thimble and allowed to cool, forming a region of uniform tempera tu re 
for the cesium r e s e r v o i r . 

NAA-SR-7661 
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C. INSTRUMENTATION 

1. Emit te r Heater 

Each diode emi t te r w^as independently heated by an electron bombardment 

hea te r . The hea ter sys tem which consis ts of a filament, a con t roUed-cur ren t 

ac power supply, and a 3000-v, 500-mi l l iampere , dc pow^er supply is show^n in 

Figure 2. 

F igure 2. Schematic of Electron Bombardment 
Heater and Control ler 

The fi lament is a 0.010-in. d iameter tungsten wire hairpin, spot welded 

to 0.030-in. d iameter tantalum leads . The ac cu r ren t to the filament is con­

t rol led to provide a stable and constant power input to the emi t te r . 

With this type of heating the power input to the emi t te r is direct ly de ter ­

mined by the sum of the ac and dc power and can be used for a d i rec t computa­

tion of the efficiency. The e r r o r s encountered in the power input to the emi t t e r s 

a r e : (1) the heat conducted away by the filament leads , (2) the radiat ion lost 

through the top of the emi t te r , and (3) ins t rument e r r o r s . The f i rs t two e r r o r s 

a r e inherent to this type of heating, but a r e smal l and can be neglected. The 

ins t rument e r r o r s a r e es t imated as follows. 

NAA-SR-7661 
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Normal Value E r r o r 

F i l ament voltage 5 - 7 v ±0.05 v 
cu r ren t 5 - 7 a ±0.05 a 

P la te voltage 1000 v ± 5 v 
cu r ren t 0 - 400 ma ±2 ma 

The propagated e r r o r s for the maximum and minimum power inputs used 

in the exper iment a r e 0.8 and 1.4%, respect ive ly . 

2. Tempera tu re Measurement and Control 

The emi t te r t empera tu re is m e a s u r e d by focusing an optical pyromete r on 

a cavity 0.030-in. in d iameter by 0.090-in. deep on the bottom of the emi t te r 

hea te r cavity. The pyromete r and glass optics w^ere ca l ibra ted against a stand­

a r d tungsten fi lament. The result ing deviations from the t rue tungsten filament 

t empera tu res vs^ere the only co r rec t ed e r r o r s applied to the emit ter t empera tu re 

in this exper iment . Another source of e r r o r comes from the hea ter fi lament 

radiation which is reflected into the cavity. At the high emi t te r t empe ra tu r e s , 

1500 to 1900°C, invest igated in this study, the e r r o r is es t imated at l e s s than 

± 10°C. This e r r o r is dependent on many var iables including the position of the 

hea te r filament. 

Actually the re la t ive e r r o r s between the emi t te r t empera tu re s of the three 

diodes a r e of p r ime importance instead of the absolute e r r o r . To reduce the 

relat ive e r r o r s to the low^est possible values the same pyromete r is used for the 

measu remen t s along with optical windows and p r i s m s with equal co r r ec t i ons . 

The relat ive emi t te r e r r o r is es t imated at ± 15''C. The bulk in this e r r o r is 

thought to be due to varying amounts of reflected light into the cavity which is 

caused by variat ion of the heater filament position and var ia t ion of pow^er input 

to the fi lament. 

The t empera tu re s of the collector , cesium r e s e r v o i r , insulating seal , etc 

w^ere nneasured with Chromel Alumel thermocouples . The cesium r e s e r v o i r 

thermocouples were of the grounded-shielded type and were ca l ibra ted and 

matched because of the sensit ivity of the diode per formance to the cesium r e s e r ­

voir t e m p e r a t u r e . Close regulation of the cesium r e s e r v o i r t empera tu re was 

successfully accomplished with a recording posit ion-adjusting type proport ional 

control ler which adjusted the cesium r e s e r v o i r heater voltage. The e r r o r in the 

cesium r e s e r v o i r t empera tu re is es t imated to be ±2 ' 'C . 
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The other diode t e m p e r a t u r e s w^ere m e a s u r e d with thermocouples spot 

welded to the p a r t and r eco rded on a 12-point Brown Recorder . The collector 

t empera tu re was regulated by the cooling a i r flow with an on-off type cont ro l le r . 

The e r r o r in the collector t empera tu re is es t imated at ± 10°C. 
5 

3. Diode Elec t r ica l Output, Control, and Measurement 

The c i rcui t used to control and m e a s u r e the e lec t r ica l output of the 

diodes is shown schematical ly in Figure 3. For operation at positive power 

CARBON 
PILE 
RHEOSTATS THERMIONIC 

CONVERTER 

ADJ . SHUNT 

0 " I 0 0 amp/ 50mv 

STRIP CHART 

CURRENT 

RECORDER 

VOLTAGE-
WATTAGE 
RANGE SWITCH 

BALANCE SLIDE WIRE 
DRIVE 

VOLTS 

<y^ 
POWER 

VOLTAGE 
OR 

WATTAGE 
RECORDER 

Figure 3, Power Output and Control Measurement Circui ts 

output, a smoothly var iable , h igh -cu r ren t r e s i s t o r (carbon pile rheostat) is used 

as a load. For r e v e r s e cu r r en t or r e v e r s e potential measurennents , an ex te r ­

nally supplied cur ren t , controlled by a s imi lar rheostat , is shunted a c r o s s the 

load. Output potential is m e a s u r e d between probes that a re spark-welded direct ly 

to the collector and to the integral emi t ter lead, where it ennerges from the con­

v e r t e r . Output cu r r en t is de termined from the potential drop a c r o s s a 50 mi l l i ­

volt shunt having seven ranges between 1 and 100 a m p e r e . The cu r ren t and 

potential a r e r eco rded simultaneously and continuously on a two-pen, s t r i p -cha r t , 

recording potent iometer . 
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The e r r o r s in the recorded outputs a r e es t imated at: 

Curren t : ±0.2 amp (50-amp shunt) 

Voltage: ±0.002 volt 

4. Switching Circui t 

A switching c i rcu i t is used in the exper iment for quickly changing the 

e lec t r ica l connections of two diodes from independent operation to ei ther s e r i e s 

or para l le l operat ion. This is accomplished using six h igh-cur ren t m e r c u r y 

re lays which w^ere act ivated by a three-pos i t ion ro ta ry sw^itch. The center 

position is for independent operation ^vhere each diode is operating on separa te 

var iable loads . By switching to the s e r i e s or para l le l position the diodes a r e 

connected to the same two loads ei ther in s e r i e s or para l le l c i r cu i t s . By r a p ­

idly changing the c i r cu i t ry it is possible to confirm quickly whether the voltages 

a r e additive for s e r i e s operat ion or the cu r r en t s a r e additive for pa ra l l e l 

operat ion. 
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III. PERFORMANCE OF INDIVIDUAL DIODES 

A. MAXIMIZING POWER AND EFFICIENCY 

The maximum per formance is determined on the bas i s of the maximum 

allowable emit ter t empera tu re of 1800''C. Experimental ly , the maximum power 

is obtained by adjusting the operating var iab le of ces ium r e s e r v o i r t empera tu re , 

collector t empera tu re , load r e s i s t ance , and emi t te r heat input until the power 

output (P) maxinnizes, while the emit ter t empera tu re is maintained at 1800°C. 

F igu re s 4 and 5 show the r e su l t s of this maximizat ion p r o c e s s . Here , the maxi -

mum values of the output and efficiency a r e shown at 4.75 w / c m and 10.0%. 

The values of the va r iab les which maximize the per formance a r e t e rmed 

optinnum. The collector t empe ra tu r e (Tp) and cesium r e s e r v o i r t empe ra tu r e 

(Tp ) a r e shown, in Figure 4, to optimize at 750 and 375°C. Actually, these 

optima a r e determined for maximum power in F igure 4, but the values a r e also 

optimum for maximunn efficiency. The load is var ied in F igure 5, while holding 

Tp and Tp at their optimum values , to find the optimum load conditions. The 

cur ren t per emit ter a r e a (J) is used as the maximizing var iab le , which is seen 
2 2 

to optimize at 6.6 a m p / c m for maximum power and at 5.8 a m p / c m for maxi ­

mum efficiency. 
2 

The maximum value of the power output at 4.75 w / c m is designated as 
P j , , and is used hereaf ter as a factor to normal ize the power output. The 

resul t ing d imensionless normal ized power is used l a te r as an indicator of power 

degradat ion. Since the efficiency maximum is 10.0%, the normalizat ion is not 

n e c e s s a r y for an indication of degradat ion. 

The ex t r eme sensit ivity of the power out to a var iat ion of the cesium r e s e r ­

voir t empe ra tu r e is evident in F igure 4. The mos t sensi t ive region is on the low 

side of the optimum Tp , where the power falls to zero from the maximum value 

in 25"'C. It will be found la te r , however, that this sensit ivity is diminished in 

an unequal power input multidiode sys tem. The collector t empera tu re is shown 

to be a re la t ively insensi t ive var iab le . A depar tu re from the optimum collector 

t empera tu re , by 150''C, r e su l t s in only a 15% dec rease in the power. 
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B, PERFORMANCE vs POWER INPUT 

For the purposes of this experiment , it is most convenient to obtain data in 

the form of voltage output (V) vs power input (Q), for constant values of J or 

T- . Data were obtained in this form for the purpose of calculating the pe r fo rm-^ s 
ance of mult iple diode c i rcu i t s with unequal power inputs. F r o m a pre l iminary 

experiment not covered in this paper , a suitable range of values for the data was 

de termined which would enable optimization of J and Tp for the unequal input 

multidiode c i r cu i t s . These ranges a re : 

2 < J < 10 a m p / c m ^ 

350 < T - < 400°C Cs 

20 < Q < 50 w/cm^ 

In the next section, the collector t empera tu re is shown to have lit t le effect on 

the optimization of a multidiode circui t . 

The diode voltage (V) is shown, in F igure 6, as a function of power input 

(Q) at T^ = 750°C and T^ = 375°C, for in tegral values of J between 2 and 10 
o 

a m p / c m , The emit ter t empera tu re p a r a m e t e r is shown to indicate i ts var iance 

and the l imitat ion of the applicable power range below 1800°C. The value of the 

voltage which gives the maximum obtainable power (Pw) is indicated on the 

1800°C curve . 
2 

F igures 7, 8, and 9 show V vs Q at Tp = 750°C and J = 5, 6, and 7 a m p / c m 

for the p a r a m e t e r Tp ranging between 350 and 400"C. The emit ter t empera ­

tu re at 1800°C is shown to indicate the applicable operating range . In these 

f igures, an in teres t ing resu l t is observed for the Tp = 350''C curves . There , 

the voltage is seen to peak and then fall to zero as the power input is increased . 

This is evidently caused by the sensit ivity of the power output to Tp . The val­

ues of Q, where the voltage maximizes on the Tp - 350°C curve, is the opti­

mum Q at T„ - 350°C for the given value of J . 

\^ s 

A modera te degree of instabil i ty in the power output was observed, when 

operating the diode at Tp = 350°C and at T ,̂ = 1800°C. It is noted in F igure 9 
that the T„ = 350°C curve is a lmost ve r t i ca l near T„ = 1800°C, which would Cs E ' 
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cause the voltage to vary markedly with slight var ia t ions in Q. In the exper i ­

ment the power input is automatically controlled; so apparently the slight 

resul t ing per turbat ions caused the observed instabil i ty. 

C. COLLECTOR TEMPERATURE EFFECTS 

The power output is shown, in F igure 10, as a function of the collector t em-

pe ra tu re , with Q the p a r a m e t e r at Tp = 375°C. The Q = 48,6 w/cnn curve is 

at T.p, = 1800 °C and J = 6,6 a m p / c m . The other th ree curves were naade at 

optimum load conditions for maximum power output. 

The optimum value for the collector t empera tu re shows very l i t t le depend­

ence on Q; and it could, for intensive purposes , be considered constant at 

750°C, for 27 ^ Q ^ 48.6 w / c m . A lower loss in power output is observed for 

Tp values removed from optimum at the low values of Q. 

Since the optimum Tp changes very l i t t le with var ia t ion of Q in the region 

of in te res t , it makes it unnecessary to optimize Tp for the nnultidiode circuit , 

because the optimum will be near ly the same as for one diode. This feature 

makes the entire optimization of an unequal input multidiode circui t much eas ie r 

D. PERFORMANCE COMPARISON OF THE THREE DIODES 

One of the secondary objectives of the exper iment was to de termine the 

degree of per formance reproducibil i ty in manufacturing diodes. This is accom­

plished by comparing the cha rac te r i s t i c vo l t -amp curves for Diodes 1, 2, and 3 

at Tg = 1800''C, T^ = 375°C, and T^ = 750°C, as shown in F igure 11. It is 

seen that the resul t ing curve falls within the es t imated e r r o r s . The e r r o r s a r e 

based on the assunned emi t te r t empe ra tu r e e r r o r of ±15°C, as reflected in the 

var ia t ion of the voltage. 

A m o r e thorough comparison is made for Diodes 1 and 2; and is shown in 

F igure 12, w^here the per formance of these two diodes is given as V vs Q for 
2 

J = 2, 4, 6, and 8 a m p / c m at T^ = 750''C and Tp = 375''C. As can be seen, 

their per formances a r e very near ly identical . These two diodes were tes ted in 

the actual s e r i e s and para l le l c ircui t t e s t s , since their per formances were close 

enough that the output could be easily compared to the calculated per formance 

based on individual diode data. 
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IV. PERFORMANCE OF TWO DIODES IN SERIES AND PARALLEL CIRCUITS 

A. CONDITIONS OF OPERATION 

When two diodes a r e operated in -c i rcu i t with power inputs Q. and Q^, but 

Q,J^ Q^, and the cesium p r e s s u r e is optimized, the maximum performance will 

be obtained if one diode opera tes at i ts maximum allowable emi t te r t e m p e r a t u r e . 

In this study. Diode 1 is assigned to operate at (T^) = 1800°C, and to have a 

pow^er input of Q , , the value of which is a var iab le and dependent on the opera t ­

ing p a r a m e t e r s . Diode 2 opera tes with an input Q-, and an emit ter t empera tu re 

l e s s than 1800"C. In this repor t , the applicable range of operat ion for Diode 2 

is 0.5 Qj ^ Q2 ^ Q j . 

The rat io 0 2 / ^ 1 ®̂ *̂ ® p a r a m e t e r used to indicate the var iance of Q2 from 

Q, . The rat io (Q, + Q2)/2Q, is also shown, which is a m e a s u r e of the average 

value of Q, and Q2 normal ized by Q , . 

The power output of the two in-c i rcu i t diodes is shown, in this study, as 

the sum of P, and P2 divided by twice the value of Pw- The resul t ing quantity, 

(P, + P2) /2P- - , is the power output of the two diodes normal ized by the maxi ­

mum power obtainable. One minus this ra t io gives the fractional power degra ­

dation experienced in operating under nonoptimum conditions. 

The collector t empe ra tu r e (Tp) is held invariant at 750*'C, which is the opti­

mum value corresponding to the maximum power output (Pj^)- It has been shown 

that the power output is only slightly affected by changes in Tp near the optimum 

value, and also that (T-) is only slightly dependent on Q. An actual at tempt 

to optimize T - for the two in -c i rcu i t diodes is not made , then, because of i ts 

very smal l dependence. 

B . COMPUTED PERFORMANCE 

The expected per formances of the multidiode c i rcui t s a r e calculated from 

the individual diode data, using the bas ic e lec t r ica l laws governing s e r i e s and 

para l le l c i rcu i t s ; namely, additive voltages for the se r ies -connec ted diodes, and 

additive cu r r en t s for the para l le l -connected diodes . The r e su l t s of the calcula­

tion a r e shown graphical ly in F igu re s 13, 14, and 15. Given here is the no rma l ­

ized power output and the efficiency vs the operating var iab les J and Tp for the 

s e r i e s circui t , and vs V for the para l le l c i rcui t . The var ia t ion of Tp for the 
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p a r a l l e l c i r c u i t i s not g iven , b e c a u s e of l e s s e m p h a s i s be ing p l a c e d on the 

p a r a l l e l p a r t of the e x p e r i m e n t . 
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F i g u r e 15 . N o r m a l i z e d P o w e r Output and Ef f ic iency 
of Two Diodes in a P a r a l l e l C i r c u i t With P o w e r Inpu t s 

Q j and Q^ (Q, i s t he p o w e r input of T = 1800°C) 

Not only i s t he p e r f o r m a n c e c o m p u t e d for p u r p o s e s of c o m p a r i s o n wi th the 

a c t u a l d a t a , but a l s o to d e t e r m i n e the m a x i m u m p o w e r output for a g iven 

^ 2 ^ ^ 1 ^^^ ^^^ a s s o c i a t e d o p t i m u m c e s i u m r e s e r v o i r t e m p e r a t u r e and load con­

d i t i o n s . T h e s e o p t i m i z e d o p e r a t i n g p o i n t s a r e l i s t e d in T a b l e I . In o r d e r to 

e s t a b l i s h m o r e c l e a r l y the p o w e r o r ef f ic iency d e g r a d a t i o n t r e n d s i n d i c a t e d in 

t h i s t a b l e , t h e s e r e s u l t s a r e p lo t t ed in F i g u r e 16. 

Two i m p o r t a n t t r e n d s a r e o b s e r v e d : 

1) P a r a l l e l o p e r a t i o n of two d i o d e s i s l e s s d e g r a d i n g than s e r i e s o p e r a ­

t ion a t t he s a m e v a l u e of Q- , /Q, . 

2) The ef f ic iency i s r e d u c e d to a l e s s e r ex ten t than the p o w e r output for 

a g iven Q 2 / Q , . 

T h e c a l c u l a t e d r e s u l t s a l s o show the e x p e c t e d l o w e r i n g of t h e o p t i m u m v a l ­

u e s of J and T^g , for v a l u e s of Q ^ / Q , < 1. A n o t h e r o b s e r v a t i o n m a d e of the 
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TABLE I 

MAXIMIZED POWER AND EFFICIENCY FOR TWO DIODES IN SERIES AND PARALLEL CIRCUITS 

Q2/Q1 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

Ql/02 

1.0 

1.11 

1.25 

1.43 

1.67 

2.0 

Q1 + Q2 

20 , 

1.0 

0.95 

0.90 

0.85 

0.80 

0.75 

SERIES OPERATION 

POWER 

p 

2PM 

1.00 

0.93 

0.835 

0.725 

0.59 

0.445 

/ '''"'* \ /ainp/cm2^ 

\ diode/ 

6.6 

6.6 

6.5 

6.1 

5.5 

4.3 

(TCs)opt 
(°C) 

375 

373 

371 

370 

370 

369 

EFFICIENCY 

^max 
(%) 

10.0 

9.7 

'•35 

8.6 

7.6 

6.6 

/amp/cm2\ 

\ diode / 

5.8 

5.7 

5.5 

5.2 

4.5 

3.7 

("'"Cs)opt 
(•C) 

375 

372 
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368 

367 

PARALLEL OPERATION 

POWER 

p max 

2PM 

1.00 

0.945 

0.875 

0.79 

0.71 

0.62 

^opt 
(v) 

0.72 

0.71 

0.68 

0.65 

0.62 

0.60 

EFFICIENCY 

'''mox 
(%) 

10.0 

9.8 

9.5 

9.1 

8.5 

7-95 

Vop, 
(v) 

0.80 

0.78 

0.76 
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0.70 

0.69 
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Figure 16. Maximized Power and Efficiency 
of Tw ô Diodes in Ser ies and Pa ra l l e l 

Circui ts vs Q-,/Q, 

graphs of power output and efficiency vs T- , F igu res 13 and 14, is that the 

r a t e s of change of the slopes of the curves a r e smal le r for the lower values of J . 

This means that, as T - is reduced past the optimiim value for the J = 7 case , 

the power is reduced much m o r e abruptly than for J = 5. The implication he re 

is that it may be m o r e des i rab le , fronn an operat ional viewpoint, to opera te at 

lower values of J . This , of course , is in harmony with the reduction of other 

operat ional p rob lems; that of lowering e lec t r ica l r e s i s t ance losses in external 

c i rcu i t ry , and the production of higher voltage power with the subsequently m o r e 

efficient inversion, if nece s sa ry . 

The curves also indicate a des i rabi l i ty of operating on the high side of the 

optimum T„ , in o rder to prevent operat ion in the ext remely sensi t ive low T„ 

region. 

C. ACTUAL. PERFORMANCE 

In short , the actual and predicted per formances were found to agree in all 

of the operating regions explored, which includes the computed a r e a s of 
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performance shown in F igures 13 through 15. A scimpling of the actual pe r fo rm­

ance is compared with the calculated r e su l t s , in F igures 17 and 18, where the 

power output i s shown as a function of Q ^ / Q , , at values of J for s e r i e s opera­

tion and at values of V for para l le l operat ion. The in -c i rcu i t data agree within 

the exper imenta l e r r o r s . 

Some ext remely sensi t ive operating regions were found, however, as would 

be predicted from the calculated r e s u l t s . By sensi t ive, it is meant that slight 

var ia t ions of the input va r i ab les , Q and T - , cause very l a rge changes in the 

power output, with a resul t ing unstable operat ion. 

The wors t situation is caused by operating with a low ces ium p r e s s u r e . It 

is noted, in F igure 13, that the power output is ex t remely sensi t ive to a change 

in T— , at around 350 to 360"C. When operating in this region, the slight 

changes in T— caused by the band width of the control c i rcui t resu l t in ei ther 

oscil lat ions or , in some cases , inst igates a runaway in emi t te r t empe ra tu r e . 

These unstable reac t ions did not cause damage to the diodes in the exper imental 

a r r angement because of a bui l t - in safety mechanism in the diode power supplies 

which l imited the plate cur ren t of the e lect ron bombardment h e a t e r s . 
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Figure 17. Operating Data for 
Ser ies-Connected Diodes 

With Power Inputs Qj and 
Q2 (Ql is ^̂ ® power input 

at T j , = 1800°C) 
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Figure 18. Operating Data for 
Para l le l -Connected Diodes 
With Power Inputs Qj and 
Q2 (Ql is the power input 

at T „ = 1800°C) 
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V. APPLICATION OF RESULTS TO A SPACE THERMIONIC REACTOR 

The p o w e r and ef f ic iency l o s s e s w e r e c o m p u t e d nex t for a s m a l l fas t t h e r m i 

onic r e a c t o r , d e s i g n e d for s p a c e a u x i l i a r y p o w e r , wh ich con t a in s about 1000 

s e r i e s - c o n n e c t e d t h e r m i o n i c d i o d e s . F o r t h i s c a s e e a c h d iode h a s i d e n t i c a l 

g e o m e t r y , fuel l oad ing , and p o t e n t i a l p o w e r output (Pj^) . The r a t i o of m a x i m u m 

to m i n i m u m p o w e r input to the d i o d e s (Q / Q . ) i s 1.85 (Q . / Q = 0.54) . 
^ ^ m a x m m ^ m m m a x 

No c o n t r o l p e r t u r b a t i o n s a r e c o n s i d e r e d . 

In t h i s c a l c u l a t i o n , i t i s a s s u m e d tha t a l l 1000 d i o d e s o p e r a t e at t h e s a m e 

c e s i u m r e s e r v o i r t e m p e r a t u r e . T h i s a s s u m p t i o n i s not n e c e s s a r i l y for c a l c u l a -

t i o n a l c o n v e n i e n c e . It i s found, in t h e r m i o n i c r e a c t o r d e s i g n s t u d i e s , t ha t l a r g e 

n u m b e r s of d i o d e s should be o p e r a t e d wi th a c o m m o n r e s e r v o i r for s i m p l i c i t y 

and r e l i a b i l i t y . S e v e r a l c o n c l u s i o n s b a c k up t h i s d e c i s i o n . The f i r s t c o n c l u s i o n 

i s t h a t the e x t r e m e s e n s i t i v i t y of t h e p e r f o r m a n c e to t h e c e s i u m r e s e r v o i r t e m ­

p e r a t u r e m a k e s a h igh d e g r e e of c o n t r o l e s s e n t i a l . T h i s c o n t r o l would p r o b a b l y 

r e q u i r e a s i z a b l e p i e c e of e q u i p m e n t . If e a c h d iode h a s to have a s e p a r a t e l y con 

t r o l l e d r e s e r v o i r , the we igh t added to t h e s y s t e m would be p r o h i b i t i v e . In a d d i ­

t ion , t h e r e l i a b i l i t y of m a n y s e r i e s - c o n n e c t e d d i o d e s , e a c h wi th i t s own r e s e r ­

v o i r , would be r e d u c e d ; b e c a u s e , if t he r e s e r v o i r of one d iode fa i led , the e n t i r e 

s e r i e s would be e s s e n t i a l l y i n o p e r a t i v e . 

The p o w e r and ef f ic iency a r e c o m p u t e d for the nonf la t t ened p o w e r d i s t r i b u ­

t ion of the r e a c t o r , u s i n g the s i n g l e - d i o d e d a t a to d e t e r m i n e the o p t i m u m v a l u e s 

of J and Tp and the m a x i m u m p o w e r and ef f ic iency. The r e s u l t s of t h i s c a l c u ­

l a t ion a r e p r e s e n t e d in F i g u r e s 19 and 20, w h e r e t h e p e r f o r m a n c e i s shown a s a 

funct ion of J and T-̂  . T h e p o w e r i s n o r m a l i z e d by the f ac to r P^^ t i m e s the 

n u m b e r of d i o d e s in the r e a c t o r . F o r p u r p o s e s of c o m p a r i s o n , t he p o w e r and 

ef f ic iency a r e shown for the s a m e r e a c t o r , but w i th a f lat p o w e r d i s t r i b u t i o n 

(Q / Q = 1.0). A s u m m a r y of the p o w e r and eff ic iency d e g r a d a t i o n , and 
^ m a x m m / r / & > 

the c o r r e s p o n d i n g o p t i m u m v a l u e s of c u r r e n t and c e s i u m r e s e r v o i r t e m p e r a t u r e , 

i s l i s t e d in T a b l e II . 

The m i n i m u m p o w e r and eff ic iency d e g r a d a t i o n for the nonf la t t ened output 

i s 41 and 19% r e s p e c t i v e l y . It i s no ted tha t t he o p t i m u m v a l u e s of bo th J and 

Tp a r e r e d u c e d by t h e nonf la t t ened p o w e r d i s t r i b u t i o n . The a m o u n t t h e y a r e 

r e d u c e d i s r e l a t i v e l y s m a l l , h o w e v e r . T h i s effect w a s a l s o found for the t w o -

d iode s y s t e m . 

N A A - S R - 7 6 6 1 
28 



5 o 

IT 
O 
2 

1 r 
FLATTENED POWER IN QmQx/Qmin=l.00 

4 6 8 
J (amp/cro2 ) 

Figure 19. Normalized Power 
Output of a Thermionic 

Reactor With 1000 
Ser ies-Connected Diodes 

5 
o 
O 

o 

340 350 360 370 380 390 400 

Tcsl°C) 

8-20-62 7569-1820 

UJ 

u 

2 -

-

/ 

/ / 

' / 
/ 

1 

1 

FLATTENED POWER IN 
Omax/Qmin =100 

\ 

1 

Tc = 750 °C 
T(., = 375 "C 

1 

\ 

1 1 

\ 

\ 
NON FLATTENED 
Qmax/Qmin = l 65 

\ 
\ 

\ 
\ 

1 1 

-

4 6 8 
J =(amp/cm2) 

10 12 

Figure 20. Efficiency of a Thermionic 
Reactor With 1000 S e r i e s -

Connected Diodes 

340 350 

8-20-62 

360 370 380 390 4 0 0 

7569-1821 

NAA-SR.-7661 
29 



Another significant observat ion is the reduction of per formance sensit ivity 

to low cesium r e s e r v o i r t e m p e r a t u r e s of the nonflattened case . The reason for 

the reduction in sensit ivity is explained by the high proport ion of diodes in the 

sys tem which a r e operating at values of Q which a r e m o r e optimum for the 
lower values of T_ . Cs 

TABLE II 

SUMMARY OF THE MINIMUM DEGRADATION IN POWER 
AND EFFICIENCY OF A THERMIONIC REACTOR DESIGN 

Power Distr ibution 

Q /Q max m m 

Maximum Power (normalized) 

Power degradation (%) 

Optimum J [ (amp/cm )/diode] 

Optimum T^^CC) 

Maximum Efficiency (%) 

Efficiency degradation (%) 

Optimum J [ (amp/cm )/diode] 

Optimum T^-^gCC) 

Nonflattened 

1.85 

0.59 

41 

5.6 

370 

8.1 

19 

5 

365 

Flat tened 

1.00 

1.00 

0 

6.6 

375 

10 

0 

5.8 

375 
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VI. CONCLUSIONS 

It has been shown that thermionic diodes can be manufactured with equal 

pe r fo rmances , and that the per formance of two in -c i rcu i t diodes can be com­

puted from the data of one diode. It seems a reasonable assumption, then, that 

the per formance of any number of diodes in a circui t can be computed. 

The t rend of power and efficiency degradation for operating a multidiode 

plant where the re a r e unequal power inputs has been established; the efficiency 

degrades l e s s than the power, and the performance of pa ra l l e l -c i rcu i t ed diodes 

degrades l e s s than for diodes in a s e r i e s c i rcui t . 

The optimized values of J (or V) and T_ for a nonflattened power input 

multidiode sys tem do not vary much from the optimum values w^hich a r e observed 

for one diode operating at i ts maximum allowable emi t te r t e m p e r a t u r e . Opera­

tion of two se r i es -connec ted diodes at T- values 10 to 20"C below the optimum 

value is unstable, and should be avoided. It is noted, however, when comparing 

the per formance of the two-diode sys tem to the 1000-diode sys tem, that the low 

ces ium p r e s s u r e has much l e s s effect on the la t te r sys tem. Near the optimum 

value for the collector t e m p e r a t u r e , the effect on the performance of a var ia t ion 

in the collector t e m p e r a t u r e is ve ry smal l . The optimum values of the collector 

t empera tu re were near ly the same for one diode at i ts maximum emit ter t e m ­

pe ra tu re and for a multidiode sys tem with a nonflattened input. 

The degradation in power and efficiency, for the space thermionic r eac to r 

with an unflattened input, was 41 and 19%. These l o s s e s , of course , a r e r e ­

duced to zero if it i s possible to obtain a flat power distr ibution. Other conceiv­

able methods of reducing the losses include: 

a) Variat ion of emi t te r a rea , to optimize the cur ren t throughout the 

core , and 

b) Variat ion of the cesium p r e s s u r e to groups of the diodes, to obtain a 

m o r e optimum operat ion. 

The degradation caused by control per turbat ions has not been considered, but 

should be given m o r e attention in the future. 
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The data p resen ted in this experiment may be useful to the sys tems 

designer for est imating per formance degradat ions of other mult iple-diode power 

plants on a re la t ive b a s i s . Some ca re must be exerc ised , however, if the level 

of per formance does not coincide fair ly closely with that repor ted here in . It is 

probable that the diodes with a different potential per formance will give differ­

ent degradat ion r e s u l t s . 
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