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This final report was prepu d as pan of the contact deliverables under the "Thermal

Energy Storage and Heat Transfer Support Plpam," Conract No. F33615.".C-2738. This

conract was a nlsterad by the Am Propulsion and Powe Laboratory (APPL) of Wright

Research and Development CenM (WRDC) (now Wright Laboratory (WL)) and co-sponsoed

by the Srategic Defense Inidative O( sigzation (SDIO). Dr. J.E. Beam, Ms. J.E. Johnson, Mr.

M. Morgan and Mr. A.S. Reyes were the Air Force Technical Monitors at various stages of this

program.

The present rep~rt outlines the research effort performed under Task-4, Thermionic

Energy Conversion Studies concerning th specific work done on establishing diode test stations

and performance mapping of the Lanhanum Hexaboride diode. The other tasks of this program,

namely; Task-I, Heat Transport Systm Studies; Task-2 Thermal Energy Storage Study; Task-3

Innovative Radiator Study and Task-5, Heat Pipe Life Test Study are covered under separate

documents.

The entire work described hem was performed on-site at the Thermal Laboratory

(WL/POOS) by LIES, Inc., Dayton, OH with Dr. M.L. RPanalingamn as the Principal Investigator

for the task and Dr. R. Ponnappan as the Program Momager. Messrs. D. Brigner (LES) and D.

Reinmuller (WRDC) provided the technical support. IES Scientific Services Division and

Drafting Group provided the documentation services.

The thermionics related actvities on this contact were terminated on August 6, 1989 after

the completion of the rejuvenation of the NASA, LeRC facilities and successful testing,

characterization and verification of the output results on the Lanthanum Hexaboride and

Rhenium-Niobium diodes. -ocession ?r
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INTROUCTION

Thermionic Energy Convmsion (MhC) was pm of the space nuclear research activities

being invstipted at NASA Lwl Research Center (LaRC) in the early seventies [1,2]. Before

the terminaton of then tvid in 1973, Lanthanum Hexaboride (LaB) was one of the

important mterials being nadied u a pat of the diode-screenlng project (3]. The TEC activities

were then continued at LARC by NASA's applied research technology (ART) program (4]. The

TEC-ART activities were terminated doe to programautc reuinchnnt an tansfdaed to the

Jet Propulsion Lab (JPL) where the research on metal hexaboride has since received less

prominence [5,6].

A twin diminiode station, a TECO diode station and diode processing station were

acquired by the Aem Propulsion Labomory of WRDCIWPAFB, in 1987. These stations are now

currently being rejuvenated and upgraded with improved instrumentation and testing facilities.

The planar diminiode tested In the twin station has an emitter made from sintered LaB, and a

collector made from arc melted LaB,. The consructional details and configuration are explained

in detail in earlier documents [7,8,9,10,11]. However the details of the insturmentation and the

data acquisition and processing system used were different, and this report provides some of the

details on these aspects. Before actually conducting the optimization tests, an initial sequence

of tests was conducted to verify the performance of the diminiode. In this sequence of tests, the

cesium reservoir temperature was maitained at 460 K, and the collector temperature was

maintained at 900 K while the emitter temperature was varied from 1500 K to 1700 K in

intervals of 50*C. Both current density and power density characteristics were generated at

various emiter temperatures and compmad with similar results obtained at NASA LeRC. Theme

results and some of the calibrati requirements for measuring the emitter temperature accurately

are discussed in this report along with certain important features in the characteristics such as

ignition point and de-ignition point, open circuit voltage and short circuit current. After

confirming the normal c taton of the diminiode as well as the testing facility, a test plan was

generated and executed for the first and second stage optimization tests.

1



This constitutes a pair of diminiode t daitha were combined to form one unit with

several common facilities that were either activated or deactivated depending on which test

station wus in operation. These two stations were well equipped to test variable gap, small

electrode, planar diodes which could be mounted alog with their cooling consoles, directly to

a 6-inch-diameter flanp. The vacuum chambers were water cooled but the diode components

themselves were equipped to provide either water or gas cooling.

Figure 1.1 shows the crou.secton of the NASA miniode u reproduced from Ref. 1.

The base of the diminiode consists of three concentrc conductors (niobium, 1% zirconium)

bonded together with intervening annull of aluminum oxide insulation. The bonding of the

conductors to the insulators was done by the Hot Isostatic Pressing Process (HIPP). By using

this construction method, low resistance electrical paths were provided for the collector and

guard. The center and second steps at the bottom of the dimzniode bue served as the electrical

taps for the collector and guard.

The cap of the diminiode consists of a tantalum electron bombardment target. This top

piece was located on the machined shoulders of a standard tantalum tube. The tube was attached

to the diminiode base and served as the cesium reservoir. Cesium was sealed in the tube after

internal degusing and initial pyrometry calibrations were completed. The sealing of the reservoir

was conducted in a specially designed station and was completed by brazing the tantalum ball

in place.

The collector and guard were cut from the same material and were attached to the

diminiode base by diffusion bonding or high temperature brazing. The outside diameter for the

guard corresponds to the diameter of the emitter, which was fusion bonded to the diminiode cap

and electron bombardment target.

Thermocouples measured the cesium reservoir, collector and guard temperatures. Optical

pyrometry was used to measure the electron bombardment target tempeam which was then

2
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con to d emitter tmpe to a srs of abatmon curves The emitr
washeated by electron bombadment nd thernl conr cols were used to adju the
empatu of the guarded collector and cesium reervoi. Thoah a provison for a sng the

intelectrode gap, by placing precision dms between a simple diaphragm bellows, was
provided, the Sap was not changed during the course of the tt conductsd aft rejunadon of

the t wllty. It was maintained constant at the last teed value of 0.25M m.

1.2 The TECO Diode Test Stadon

Th is a diode test station that was oigially drvelpd to test pair diodes with ceium
reservoirs located away from the interelecrode pp. TheM diodes were developed by Thermo-

Electron Corp. and tested at NASA, LeRC. As moot of the equipmnt on this station were either
destroyed or missing, except for the vacuum system and chamber, the eare station had to be
rebuilt with new equipment. Unlike the dminliode test stions, the diode was mounted to a
framework within the vacuum chamber.

Figure 1.2 shows the cross-sectional drawing of the gad ring diode. The collector body
and leadthrough flanges are fabricated from niobium. The tubulton and cesium eseroir are

faicated from copper and joined to the niobium collec by an intermediae nickel joint. The

lower portion of the collector both the collemor mn ad a caormetr nc*

for measuring heat through the collector. This calaimer can be calibrated by d collector

heaters.

The guard ring Is fabricated by casting the pphire between two niobium tubes and then
shrink-fitting this composite tube over the collector body. The assembled shrink fit is then
diffusion-bonded by a four-hour exposure to I600C in vacuum. After diffuson bonding, the

collector and guard ring are machined for final embly.

The emitter, which has been fabriated from m, is supportd by a rhenium, sleeve

which is in turn supported by a niobium leadthroulh flnls The emitter-o-sleeve and sleve-to-
flange joints are made by electron beam welds. The mitler lead, the pard ring lead and the

4
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diode sealing flopg are insulated, hom ostnowher by-copparnc~ beamed alumina insuats.
The guard ring lead is electrically conneced to the'guard ring by a threaded connectio. Final

assembly of the diode is made by screwing this emitter assembly into the collecatr body wi the

guard ring leadthrough engaing mating thads on he pad ring. The emitter usembly is then

welded to the collector body. The diode structure is then provided with necessary heating and

cooling coils to complet the immediate instrmentatlon needs. As in the diminiode test stations,

thermocouples were used to measure the cesium reservoir, colctor' and guard ring temperatures,

and optical pyrometty was used to measure the electron bombardment targt temperature initially

but then it was replaced with a W-Re thermocouple when the emitter temperature controller was

acquired.

1.3 The Diode Processint Station

Figure 1.3 is a cutaway view of the multipurpose vacuum chamber that is used for

diminiode processing which includes bake out, filling and sealing of cesium (7]. In this chamber

following only one pump-down the diminlode mode of baked-out components undergoes a fn

high temperature degassing, internal and external pyrometry, and fusion waling after the cesium

capsule insertion. The cesium itself was an off-the.shelf component like the oher

interchangeable pans of the dimzinode. A cesium ampule, a degused tantalum bail and a

diminiode go into the station before its closure. Then, after the pump down and degassinj at

450*C to below 10r torr, the diminiode enters the final stags of processing.

As electron bombardment heats the emitter assembly, continual thermal sensing and

coolant adjusmtnts bring the diminiode to predetermined bake-out conditions. That state

depends on the electrodes, the brazes and the insulator limit. During temperature rise, the

pyrometric cavity in the emitter allows calibrations of the tungsten lined external black body hole

and the high temperature thermocouple. The outer black body hole then permits emitter-

temperature calibrations subsequent to closing the diminiode. This capability enables checking

output shifts of the high temperature thermocouples, using high temperature pyrometry. While

the diminiode is at maximum degassing temperatures, electron bombardment of the open end of

the reservoir to just below the melting point of tle copper-foil insert prepares it for the brazed

6
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clsue Folwigtispnoft bhosco ing *lwa downward calibradon to cec dw
upward one. Next, =naecally pulling the lower pin in the guide tube drops the cesium capul
into the diminiode reservoir. If the pressure rises. another brief bake-out removes contaminants.

The lam process follows the release of the previously depsed tantalum sphere, which

lodges in the funnel opening of the side tube. Then electon bombardment brazes this ball in the

end of the reservoir with copper. This completes the processing phase of a new diminiode.

The diode/diminiode processing staion is curntly being equipped with new emitter,

collector and cesium reservoir tempersture controllers. A design for a mock-up device has been

completed in order to establish optimum operating parameters for an efficient cesium reservoir

seal.
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INSTRIMA~XmBQTON AND ANALYSI

The consmtruction of the dimiode is such that it is a vacuum scaed device, so it is not

possible tc measur the =Vmr of the emitter directly. However, when then devices were

originally fabricated, NASA Lewis enon calibrd the target temperature a & function of

the emitter temperature. Thus prograssive corrections had to be applied in several ges to uirive

at the accurate emitter temperature. Thi section provides details on the calibration procedures

and the corrections applied to the pyrometer output in order to obtain the actual emitter

temperature.

A manually balanced disappearing filament pyrometer was used to measure emitter

temperature. Measuring the emitter temperature was accomplished by focusing the pyrometer

on the black-body cavity located in the electron bombardment target. A voltage signal

corresponding to the temperature of the electron bombardment target was sent to the data

acquisition system from the pyrometer. The data acquisition system was programmed to sense

this voltage signal, convert it to a digital form and send it to the computer. A computer pro=m

corrects the voltage signal for several ftors causing attenuation, such as the energy scatter

created by the sapphire viewport, the temperature gradient between emitter and target, etc. The

correction was accomplished with several equations generated by analytical curve fitting

techniques. This allowed the emitter temperature to be read directly from the computer screen.

2.1 Emitter Temoerare to Outut Vol0ae Calibration (LAB.)

Figure 2.1 represents the finl correlation between emitter temperature and pyrometer

output voltage for the three scales representing the entire temperature range over which the

emitter could possible be heated. The temperature corresponding to the three scales were

Scale - 1: 700C to 13500C

Scale - 2: 1350*C to 18500C

Scale - 3: 1850*C to 2500C

9
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Though the calibration data were not available over the range of each scale, it was

suitably extrapolated withot inuoducing any lag systematic errrs. Figure 2.1 i te outcomrn

of three stages of conversion viz., a) conve'Aon of output voltage to pyrmeter tmp==ai,

(Figure 2.2) b) conversion of optical pyrMMte tempera=ur to target temperaur (Figur 2.3) and

c) conversion of target tempeamt to emitter temperm (Figur 2.4). Only the final calculated

values after conversion are indIcasu in the figure for each of the three scales. The

corrsponding analytical equations wom represented by the following relations;

Tsm39137.204 (V.)3.52699.16 (V.)2 +25665.662 (V.321 1.25 (2.1)

(for 700 9T ! 13500C)

TI=25633.516 (VO).37154.638 (V.? + 21232.537 (V)-2723.734 (2.2)

(for 1350O!5T ! 18500C)

Tu=8444.806 (V.?1 12127.68 (V)2+ 14152.041 (V)-2028.642 (2.3)

(for 1850 STS 25WOC

However, the erro limits for all the conversions as presented in Table 2.1. From the table it

was observed that the highest value for maximum erro wus 1.96% and the lowest value for

minimum erro wus 0.0007%. Equatlooa (2.1), (2.2), And (2.3) were incorporated in the software

for performance and optimlnon testing a&d accessed with function switches whenever needed.

2.2 Emitter TeMpgratuxt to Outout Voltan Clibration (ASTAR481 10~

The ASTAR-8 1 I C diminlode had a Tantalum alloy as the emitter and NiobiunvZirconium

as the collector. Details of the various calibration curves and the corrsponding curve fits are

as follows:

The temperature range for the emitter wats divided into four scales:

Scale - 1: 8W0C to 1250C

Scale - 2: 1250C to 160C

Scale - 3: 16000C to 190OPC

Scale - 4: 1900C to 2500PC
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Simc this it a function df the, pyreserius it no ns sWID cAqM h
one diminiodo to another. Polynomial. curve fits w=' paW (W each sc accstg to the

following equations;

Tp-43330.322 (V.)' - 58345.293 (VY) + 28415.454 (V.)

- 3637.663 ft 1.97%) (2.4)

(for 850C S T S 1250C)

Tp-27906.683 (V.)' - 40449.992 (V.)2 +' 23115.427 (V.) (2.5)
. 3026.804 (± 0.27%)

(for 12500C s T :5 1600rC)

Tp=27 K)6.683 (V,,) - 40449.992 (VO)' + 23115.427 (V.)

* 3026.804 (±*0.27%) (2.6)

(for 1600C 5T 5 19000C)

Tp=906.329 (V,0))- 13022.368 (V.)2 + 15183.55.1 (V)

- 2211.006 (± 0.2.27%) (2.7)

(for 1900C :5 T !5 2500

Here. VO, represents the pryrometer output voltage and Tt repmens the optical pyronmr

temperature.

This is a function of the attenuation that the viewport offers to the radiawo being

emitted from the source. 1Te variations for these parmeters were found to be linear and could

be represented by the following equation:

16



TT=1.007 (Tv) + 9.871 (±0.13%) (2.8)

(for 8509C < T < 1250C)

Tr=l.024 (Tv) + 10.143 (1 0.24%), (29)

(for 1250 0C T T5 -16000C)

Tr=1.024 (TY) + 10143 (± 0;24%) (2.10)

(for 1600C S T 5 1900C)

Tr=1.039 (T) + 37.300 (± 0.26%) (2.11)

(for 1900C 5 T5 2500,

In these set of equations, Tr represents the target tempertaume.

C) Conversion of rariet Temnerature to Emitter Temperature

Figure 2.5 represents the plots of emitter temperature as a funcdon of the target

temperature for the .ASTAR -811 C, Nb.- I at,% Zr diminiode. The experimental data for the

two temperature ranges was obtained from NASA, LeRC files. The most accurate curve fits for

this data exhibited linear variations that agreed with the following first order approximations.

T,.=0.887 (TT) + 82.640 (± 0.895%) (2.12)

(tbr 1250(C - T 16000C)

r,:=0.794 (Tr) + 229.891 (± 0.989%) (2.i3)

(for 160 0C e. T 5 19000C)

Here T: represents the emitter temperature which is at all times, less than the target temperature.

From the figure, it seems that the experimental calibration data is identified in groups or clusters

over the entire temperature range but these clusters all lie on the same linear approximation.

d) Conversion of OuWut V1ltaie to Emitter Temyerature

Figure 2.6 represents the analytical plots of emitter temperature as a funcdon of

pyrometer output voltage. These plots werm generated with the following polynomials that were

17
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-- a

Tru3S71O.92 (Vj9 - 52125.159 (V,)2 + 25336I11 (V,)

- 3167.215 (2.14)

(for W50C I T ! 12M0)

Ta3 25354.31 (V,)' - 36749.9411 (VX) + 21001.267 (V,)

- 2676.330 (.5

(for 1200C STg16MC)

Tli=227O1.752 (V.)' - 32905.177 (V,)2 - 18804.122 (V0)

* 240.436 (2-160

(for 160PC:ST S 19000

TIm7481.71 I (V' - 10753.428 (V.)2 + 12538.060 (V.)

- 1855.419 (2.17)

(for INKS CT!52WO

The vaious limits for each of the cur diuam inftic in Tabl 2.2.

20
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3.1 Diminiode Test Stations

The experimental setup for the NASA Diminiode suion consis of four subsystems.

These are the vacuum system, emitter heating and temperature measxement sysWm, data

acquisition system and the output load and conadI system. A general discussion of dosse

subsystems will be presented in this section. A more ddidled discussion of the data acquisition

system and the temperature measurement and control system will be included in the next section.

A schematic representing the entire experimental setup and associad subsystems is shown in

Figure 3.1.

3.1.1 The Vajcuum System

Since the whole purpose of the energy conversion process is to extract electrons

from the emitter surface and transmit them to the collector surface, it is imperitive that a clean

low pressure environment be provided to avoid electron deviation. As a result the dimiWods

are tested in a vacuum chamber under a pressure of 10" torr or lower. This provides the dual

purpose of providing a clean environment as well as minimizli electron deviation.

A turbomolecular pump was provided to rough the system to approximaly iO"

tor..\n ton pump was then activated to take the pressure down to at least iO" torr. A vacuum

of 10" torr or better is required to minimize elecnrn deviation also to improve efficiency of

heating by electron bombardment. The vacuum level was monitored with an ion gaup whose

output was directly transmitted to the computer in the dam processing system through the dat

acquisition system. Thus the vacuum level was directly displayed on the monitor and stored

along with other test data.

3.1.2 Emitter Heatin. and TemoeRaur Measurement Svm

The emitter was indirecdy heated by elentron bombarment (EB) healg. This

was accomplished using a tungsten filament which was risistance heated by an AC power supply.

22
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Theat the filate the power wu pdnaily: l tup to awaxOmty 100 Wi at w h

level the temperatue would be grear than 2600 K ind th ia t woud be hot eo h to

emit electrons with high kinetic enegies. A floating DC bomb nt power supply provided

the necessary energy to direct the elecuons from the filaent to the elecbom ament ta

The energy impaned by the impinging electrons heated up the E target, which in tum provided

the necessary heat input to the emitter by conduction.

The cesium reservoir and collector temperaUnus were controlled using compressed

ak for cooling and resistance beasu for heting. M c p type ons used to

control the power output to the resistance heaters. These controlle were supplied with the

appropriate temperature signals by thermocouples placed in the diode to measure colleo, guard

and cesium reservoir temperatures. The emitter temperatur was indirectly teasured using an

optical pyrometer. The optical pyrometer output was then converted to emiter temperature and

transmitted to the computer. The pyrometer was hold in position by an attachment to the

diminiode station body. This attachment was designed, fabricated and assembled using

accessories from old microscopic equipment. An asmbly drwing and detaled drawings of the

parts are provided in Appendix A.

3.1.3 Oumut Load System

The experimental setup described earlier, provided the oveal view of all the

components associated with the test instrumentation. By far, the most important elements are the

output load circuit that was used to load the diminiode and draw the output and the data

acquisition/processing system which allowed the output data to be accepted, converted to a digital

format and then processed in the computer.

Figure 3.2 is a simplified schematic of the converter output load circuit. The

convener output voltage was measured across the emitter and collector and fed directly to the

HP-3852A acquisition system along with the convener output current, which was measured

across a shunt (0.0033 ohms) resistance.
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Biluing of the dinlode was acomlihed afte severa Via a the coiector-
guard circuit gave spurious current outputs. Several difhmt combindo of the citrd were

attempted in order to eliminate the possibility of Setting exaggmrated cur'mnt output.

Tables 3.1, 3.2, 3.3 and 3.4 provide, the summaries for the four difhrt

configurations that were tested to obtain the opdtmum output load circuit. The opemtinj

conditions for the diminiode were maintained identical for each of the four configr o in

order to extra a meaningful comparison.

The first configuration tested was with the shunt rvistance on the collector side

and with no resistance on the Guard side. The appr*at circuit to meaure the actual

magnitude of the output current would be cct. #2 where the Gurd was left open. The current

output was found to be 0.73 A. In each of the other three circuits, the collector shunt registered

much lower currents indicating that Guard was interfering with the path of least resistance for

the electrons. These results are presented in Table 3. .

The second configuration tested was one with no change on the collector side but

with several resistances on the Guard side. The output current measured across the collector

shunt resistance was normal in all the cases except where small resistances were connected in

the Guard circuit seemed to interfere with that in the collector circuit. By introducing a larg

resistance (2500 ohms) in the Guard circuit, more than 99% of the diode current output was

forced through the collector shunt resistance. The results of these tests are indicated in Table 3.2.

Tables 3.3 and 3.4 represent similar results for the other two configurations where

the shunt resistance was hooked up to the electrical load output circuit on the emitter side of the

load. The behavior was similar to that observed in the first two configurations, but the cable

movement of the shunt from the collector side to the emitter side did not make any diffemce.

As a consequence of these tests, future diminiode testing will be done with a large (at least 500

ohms) resistance in the Guard circuit so that the electrons take the path of least resistance through

the collector shunt.
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Table 3.1 Diode Pwfbr . with Shut oi the Collecmo Side aid No RImnce on the
Oud SL

MOT .AR.,Jt'r s ") ".rvet .emIerature * 730ti1!s.
E mitter Teuerature - 1635t5 C.

3) Collector Toemerature a 378t30 C.
4) Cesium Reservoir Teserature - 1683 0 C

xNIEMATURZ Vesh - Voltage acros@ guaard shunt.Volts.
I8h " Current acroes guard shuntAmps.
sh " Voltage across collector hunt.Volts.

lash - Current across col lecter shunt.Amii.
- Voltage aeron the load reslstance.Volts.

, -Current across the load reslstance.Amp8.V6 e O- utIUt voltage at t he ditod.Volts.

1.' circuit Vis Ith VCh it VI 1

.0013 .239 .67 1.29 .977

2 " - .0037 .730 .53 .717 .42

ii_. aw a; 1 I

3= l " ' ' : e .0010 .343 .262 .349 .235

4 - .0066 1.31. .961 1.38 .973
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Table 3.2 Diode Pufmum with Veriom Reumce. on the Guard Side.

ZST PARAIT TrS: •. 7arfet Tempera%.ure .1730tI$4S.:, -mtter 7peeratus., 1 l633*15' .") Collector Temerature a 578*30C.4) Cesium Reservoir Temperature - 168*3*C
NOWICLTURE V - Voltage across guard shunt.Volt.

orsh Current &Gross uuart shunt.Amps.Vish Voltage acros collector shunt.Volts.
I !:h Current across collector shuntAmps.Vrh Voltage across the load rehastanasVoltg.
1! o Current across the load resistnce.Am.
v - Output voltage of the 4ode.Volts.

S1.,1 Circuit V I V I v, 1, V
_______________ ih tsh can CxhV. I V

.096 .910 .325 .:63 .895 1..9 .926

4

- .072 .7271 .531 .706 .609

, 1.35 .001 .071 .713 .!26 .701 .597

4 ,rm1. 35 .003 .372 .723 !29 705 .604

1.90 .004 .071 .717 !25 .700 .597

q ir

.~ti 1.29 .003 .072 .734 .!35 .713 .612S Avon om l

7 .541 .433 .049 .475 .669 .892 .723
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Table 3.3 Diode Pufanmw with Shunt on de Bmittw Side and No Resistae on the Gurd
Side.

-.V PARAMTM: *"' Tarfet .maerature - 1730+15 0S.
2) Emitter Temperature - 163+139C.
3) Collector Teperaturs a $78+30C.
4) Cesum Reservoir Tmperature a 16+3 0C

HOI4CTUIM V - Voltawe across guard ehunt.Volts.lih _ Current across guard shunt. Awe.
Vleh _ Voltage across collector shuntVolts.
"'lh _ Current across collector thunt,iap.

- Voltawe across the load resieeance.Volts.
1: - Current across the load rsistance.Amps.
V, - Output voltage of the diodeVolts.

Si. Circuit V 1sh 1h V:sh Icsh VI ,, s

I - - .071 .700 .516 .600 .:90

I . II a IIIIIl

S- - .122 1.20 891 :.19 1.02

g. £#3 - 316 3.80 Z24 Z99 .634

4.£1 .036 .340 .:64 .332 .383
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Table 3.4 Diode Pe fomance with Shan on the Emuler Side and 2.5 kWon Resimance on-the
Guad Side.

-ST PAPATrS: ") Target emperature - 1730 .15os.
2) Emitter Temperature a 1635+15 C.
3) Collector Temperature - S78+30C.
4) Cesium Reservoir Temperature - l41+3*C

.OMWCLATUIRE V - Voltage across guard ehunt.Volts.
11eh - Current 4crose uar4 shuntAmpe.
Vish - Voltage across collector shunt.Volts.
Ic h - Current across collector shuntAmps.
Vclh - Voltae across the load resistance.Volts.

- Current across the load reistance.Ampe.
VI - Output voltawe of the dlode.Volts.
Cel II I V - V I I

S. Circuit Vsh l sh Vcsh 1:9h V- 1 VC0

RONe 0,1 AI ' - . -:',: r-'" 0.0 o~o *o71 .7'1 .52 .700o .600

e 1.31 .001 .372 .730 .535 .713 .615

3 PA@se1.35 .001 .073 .740 .341 .721 .622

03

-1 Ir

! %see 01 A

' ' 120 1.10 -. 874 1.17 1.02
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Biasing the diode was accomplished initially by using a variable resistance box,

but as this method does not allow neptive output voltages, it wu changed to a 5OV, 60A DC

power supply, which wu connected acrms a waer-cooled load resistance through a bipolar

switch. The load resistances had to be wasr'cooled AS they would get heated up at current levels

of 5 amps or more. The war coolng was very effective in restricting the temperature rise

above ambient to less than IOC. The bipolar switch wu introduced to bias the diode with both

positive and negative voltages.

The disadvantages of using a setup such as this for biasing the diminiode is that

it does not take advantage of the thermal inertia properties of the electrode materials. Manual

biasing resulted in a sudden change in electrode temperatures which had to be brought back to

its original level by manipulating the heaters and the cooling mechanism before further biasing.

The outcome of this was that it took about 75 minutes to complete a sweep, and at this speed

it would be impossible to complete performance mapping for a pair of electrodes in a reasonable

period of time. Efforts are currently being made to develop a pulsing mechanism in the form

of a low duty voltage pulse to reduce the sweeping period to less than 20 milliseconds. At this

speed, the time taken is much lower than the time constant of the electrode material and so them

is virtually no change in the temperatu.

3.1.4 Data Aciuisiton/Proeuing System

The data acquisition/processing system was made up primarily by an HP-3852A

data acquisition system, a Zenith-248 computer and a Graphtec plotter. These were controlled

using ASYST and in-house developed software to acquire and process the data. This subsystem

will be covered in greater detail in the next section.

Because of the large amount of data involved in the study of electrical output

characteristics of the diminiode, a computer system was required to control, collect and correlate

converter output data. The computer system design for data acquisition and processing is shown

in Figure 3.3. The entire system essentially consisted of
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a) Tho test appaus mab up of tho convener, DC power supply, load

ch, i maosalq , ad op al pyramse.

b) The dt aquIdoe system is an HP model HP.3852A. This symm

included a mdppbe, AID convoe and an intspating high speed
voltmeter.

c) Te d k PC, a Zmd.24 Sad the applicable software.

d) The preseMon equipmt which was mado up of a printer nd Graphloc
Plowa.

During ten sgnals fbrn d diode thuinaouple, the pyro et nd e bload

circuit were fed to the HP sysm. These ipals were processed by the HP and accessed by the

Z-48 using ASYST software. This da was then converted into the appropriate file format

necesry for use with the Oraphc pliotw. These fle were then used to produce the requirod

plots to analys and characterize die diode.

3.1.5 !, LIYI,

The four maj components of th thermionc diode system that required cooling

were vacuum chamber housing the diode, the lad redswr, the collector, and the cesium

reservoir. In spite of the presence of adlatio shields, there was a lot of radiation heat input to

the vacuum chamber walls surunding the diode. This was sufficient to heat the chamber walls

to tempemtues on the order of 300C which wu quite high considering do thermal mass

involved. For this purpo, the top half of the vacuum chmber was mde with double wall

c".miraon to facilitate the circultion of water. The water condult shown in Figure 3.4

essentially consists of a Upping from a high pressure lin with inlet and outle valves and

instrumentation to measure, inlet ad oult tmpeerah and flow ae. Compeed air lines

with prssure pups and regulators were ue for cooling the coleo and he ceium mvor.

An outlet for the war and a lines wu provie on do fmnework supporting the thermiouic
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test chamber. All the valves and PuPS we mounted on the frot panel board from which the

various flows could be monitored and contolled.

3.1.6 _0'f,,

Figms 33 through 3.9 prvide t detailed electcal schemadcs for the filament

and high voltage control panel, th high voltag power supply, the cesium and collector heatr
oantrol panel with a rear view of the Relay-Trans board, the signal cycler board and sety

intlock circuit rsectively. As many details as possible were provided on these schematics

including color codes for the wiring so that they can be easily understood by anyone interested

in setting up similar electdcal circuts.

Every single system was initially dismantled and rewired to follow a strict color

coding for all the wires. The wiring diagrams so genea also helped in understanding the
functions of various sub-components that were key contolling elements in the entire structure.

As the two diminlode stations are identical, only one system was sripped off all the wiring while

retaining the other system operadoal. Several associated components that were either outdated

or obsolete were redesigned and equipped with newer componnts.

3.2 The TECO Diode Station

The TECO diode statmon, so called, because it was used to test the thermionic peformance
of a fixed gap diode manufactured by Thermo Electron Coporation had an etched Rhenium
emitter and a Niobium collector. In this configuraton, the cesium reservoir was located at the

bottom of the collector region and was provided with a hoater and a copper disk with copper
water cooling conduits that provided the necesMy cooling mechanism by heat conduction. Both

air and water cooling conduits wa provided for cooling the cesium reservoir as well as the

collector. While the water cooling system was very dmi to that of the diminlode test stations,
the air cooHng system shown in Filum 3.10, was desged for compressed sr as well as Argon

gas circulaion.
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An ion-pumped vacuum system provided a vacuum of Ies than 1O.7 torr for the chamber

housing the diode. The emitter was heated by electron bombardment using a pancak type

tungsten filament which was initially heated with an alternating current power supply. In this

case an emitter temperature conuoller was used in conjunction with the electron bombardment

power supply in order to control the temperature of the emitter. The W-Re thermocouple output

was directly fed to the temperature contoller which, in turn, conrolled the power input to the

idament as well as the bombardment power. This emitter temperature controller will eventually

be run by the computer so that change in emitter temperaus between tests can be accomplished

automatically. The collector and cesium reservoir were also provided with temperaum

controllers getting their input from Chromel-Alumel thermocouples. The output load circuit was

similar to that used in the diminiode test stations except that in this case co-axial cable

connections were provided so that an oscilloscope and a signal generator could be incorporated

in the same circuit at a later datc,

3.3 Diode Processine Station

This is a multipurpose vacuum chamber that can be used to fill cesium in a diode and sea

it and then conduct a performance test on the same diode to determine the output current density

and output voltage at various operating temperatures. The diode processing station is not fully

equipped as yet but the equipment and components am being ordered and the entire system is

currently being assembled. However, the functions of this system have been described in the

following paragraphs.

3.3.1 Vacuum &Wessi the Diminiode

To minimize costly time-consuming bake-out cycles, the multipurpose vacuum

chamber facilitates all operations remaining to finish the diminiode. In this chamber following

oniy one pump-down, the diminiode made of baked-out components undergoes a final high-

temperature degassing, internal and external pyrometry, and fusion sealing after the cesium

capsuile insertion. The cesium itself is an off-the-shelf component like the other interchangeable

pars of diminiodes. It comes in baked-out, brazed-shut, breakable molybdenum vials. One of

these ampules, a delassed tantalum ball, and a diminiode go into the station before its closure.
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Then, after the pump-down and degsing at 4500C to below 10" tor, the diminiode emrs the

final stages of processing.

As electron bombardmet heats the emitter assembly, continual thermal sensing

and coolant adjustments bring the diminiode to predetermined bake-out conditions. That state

depends on the electrodes, their brans (if any), and the insulator limit (1400 K). During the

temperature rise, the pyromenic cavity in the emitter allows calibrations of the tungsten-lined

external black-body hole and the high-temperature thermocouple. The relation between these

temperatures depends on the heat-flow rate, too. So the calibrations are comprehensive. Of

course, the outer black-body hole then permits emitter-temperature calibrations subsequent to

closing the diminiode. This capability enables checking output shifts of the high-temperature

thermocouples. adapting a photo-multiplier tor total-radiation measurements or using automatic

pyrometry.

While the diminiode is at maximum degassing temperatures, electron bombardment

of the open end of the reservoir to just below the melting point of the copper-foil insert prepares

it for the brazed closure. Following this part of the bake-out, cooling gives a downward

calibration to check the upward one.

Next, magnetically pulling the lower pin in the guide tube drops the cesium

capsule into the diminiode reservoir. If the pressure rises, another brief bake-out removes

contaminants. The same process follows the release of the previously degassed tantalum sphere,

which lodges in the funnel opening of the side tube. Then electron bombardment brazes this ball

in the end of the reservoir with copper. And the diminiode is complete.

3.3.2 Cesium Reservoir Sealing Technigue

As mentioned earlier, the diode processing station was intended for filling cesium

and sealing the cesium reservoir shut with a Tantalum ball and a braze alloy ring. As the

laboratory was not equipped to fabricate diodes, a simulated structure was designed so that the

operating parameters could be controlled and optimized for maximum weld penetration depth.
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DIODE TESTING p~'n

The basic test procedure essentially involves completing one sweep of bias voltage to

cause ignition and then do-ignlition at constant electrode temperatures which are designated as the

primary variables. Since the Lanthanum Hexaboride diminiode was tested for performance

verification as well as primary variables optimization, the procedures for these two types of tests

have been provided separately.

4.1 Perfonmance Verification Testing

The vacuum level was brought down to 10. tor or better after initial assembly of the

diminiode inside the vacuum chamber. The filament was then heated up to about 100 watts AC,

before providing a bombardment power supply of 1000 watts DC. The bombardment power was

adjusted till the required emitter temperature was obtained. The collector and cesium reservoir

temperatures were then maintained at 900 K and 460 K respectively. The data acquisition and

processing systems were then activated using the ASYST program. Once the temperatures had

stabilized, the diode was biased with a positive bias voltage of +2 V. The bias voltage was then

changed to a lower value and the temperatures adjusted once again and the output data such as

current and voltage were recorded. This was repeated till a full cycle of biasing was completed

and at least 30 data points were obtained. The data files were then converted to a format that

could be used directly with the Graphtec plotter, to plot the output current density and the output

power density characteristics. The emitter temperature was then changed with the same collector

and cesium reservoir temperatures and the biasing process repeated till all the characteristics were

obtained.

4.2 Primary Variables Optdmization

To determine the optimum characteristics of the NASA LaB6 diminiode, the condensed

procedure listed below was followed.
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collector emperatureslconstant.

2) Vary cesium reservoir temperature (350550 K).

3) Obtain optimum cesium reservoir temperature.

4) Using the outlined procedure, hold emitter temperature constant and cesium

reservoir temperature at optimized value.

5) Vary collector temperature (700.1000 K).

6) Obtain optimum collector temperature.

7) Using the oudined procedure, hold collector and cesium reservoir temperatures at

optimum values.

8) Vary emitter temperature (1400-1700 K).

9) Obtain optimum emitter temperature.

10) Repeat 1) thru 9) iteratively to optimize all temperatures and obtain peak power

density.

46



RES ULTS A6ND DISCUSSIONS

5. l Tlmrminic F1ni1-o thicwss from Lanthanum Hexaboride

The experimental thermionics program at the Aero Propulsion Laboratory of WPAFB was

initiated with the acquisition of two diminiode test stations, a TECO diode test station and a

diode processing station from NASA, LeRC through Arizona State University. The twin

diminiode test stations have been refurbished with new cooling systems, a new data

processing/acquisition system and an output load circuit with a biasing power supply. The HP.

3852A data acquisition system is capable of handling 100,000 readinss/sec, and has a built-in

multiplexer - A/D converter. It interfaces with a Z-248 PC that controls the operations with the

ASYST program Steady state tests on diminiodes are currenty being conducted manually by

controlling the electrode and cesium reservoir temperatures using their respective cooling and

heating systems, between data points. Efforts are currently directed towards developing an

automated pulse generating circuit to sweep (voltage) the diminiode and generate an ignited mode

J-V characteristic in less than 5 msecs thereby taking advantage of the converter's thermal inertia

properties.

Performance verification tests were conducted on a planar diminode with sintered

Lanthanum Hexaboride as the emitter material and arc melted Lanthanum Hexaboride as the

collector material. The primary and secondary parametric variable conditions were obtained from

a NASA report published earlier. It was found that the performce of the diode was well in

agreement with similar characteristics generated earlier. Optimization tests by varying primary

variables revealed that the operating point with maximum power density has a small shift with

reference ro the cesium reservoir temperature. After the completion of the performance

optimization tests, the experimental characteristics were characterized by using a I -D Thermionic

Energy Conversion code, originally developed by Dr. Geoffrey Main from Georgia Tech. An

attempt was made at simulating the optimized experimental characteristics using the computer

code. It was found that there was good correspondence between experimental and analytical
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results for modem values of cesium presm , but-sigific deviations were observed for larp

values of Cs pressure (>10 torr) and very small values of Cs pressure (<1.0 torr).

5.1.1. Verification 2f Performance

a) Nrial Results Obtained at NASA L&RC

Figure 5.1 shows the output current density and output power density

charateristics of the Lanthanum Hexaboride diminiode as obtained at NASA LRC and

published in Reference I. These characteristics were generated at optimum cesium reservoir and

optimum collector temperatures. These optimum temperatures were 850 K for the collector and

440 K for the cesium reservoir respectively. The emitter temperature was varied from 1500 K

to 1700 K at intervals of 50C. The maximum output power was 5.29 W/cm2 at an output

voltage of 0.45 V and an emitter temperature of 1700 K. Though the peak power occurred at

an output voltage of 0.45 V, the most efficient operation of the Lanthanum Hexaboride diminiode

occurred at 0.75 V and 5 A/cm2 (3.8 W/cm2). There the work function of the 1700 K tmiter

was less than 2.64 eV, the Barier Index was about 1.9 V and the calculated efficiency for

optimum leads was 16 percent. However, back emission data were not available or this would

have facilitated the determination of the collector work function. These were the results that

were targeted in the effort to verify the performance of the Lanthanum Hexaboride diminiode

after it was set up at AFWAL/WPAFB.

b) Performance Verification

As indicated earlier, after several attempts, the output load circuit was

finalized so that the dinminiode could be driven with a positive as well as a negative bias voltage.

Figure 5.2 indicates a typical comparison of the NASA LeRC test results (NASA) as well as the

AFWAL/WPAFB test results for the Lanthanum Hexaboride diminiode for an emitter temperature

at 1700 K. The NASA results were obtained from the source indicated in Figure 5.1, and the

AFWAL data points were the actual experimental data points acquired after setting up the

diminiode station at the Aero Propulsion Laboratory (APL) of AFWALJWPAFB. Tests were

repeated for all the five emitter temperatures but only a representative characteristic

corresponding to an emitter temperature of 1700 K has been indicated. The collector was figure
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Figure 5.1 Output Current Density and Output Power Density - NASA Characteistics.
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maintained at 900 K, and the cesium reservoir was maintained at 460 K for this test. The

corresponding target temperature was 1765 K. As seen in Figure 5.2 , there was excellent

correspondence between the two sets of data points as exhibited by the respective changes in

output current density with change in output voltage. Sufficient information was not available

to compare the data at every point on the characteristic such as at ignition, after de-ignition, the

open circuit voltage, etc. As a result only the AFWAL DATA characteristic display the key

points such as ignition and de-ignition. Though de-ignition was not sharply defined, the fact that

it did occur was clearly obvious by the evidence that the current densities followed the same

magnitude before ignition and after de-ignition above an output voltage of 0.8 V. The open

circuit voltage was found to be 1.55 V and the short circuit current density was 25.5 A/cn9.

There was close correspondence between the two sets of data points as far

as the variation of power density with output voltage was concerned. However, it was found that

there was a sli'ht shift in the output voltages at which the power density characteristics peaked.

This discrepancy is most likely a consequence of the fact that the biasing was manual for the

tests conducted at AFWAL whereas it was automated for those conducted at NASA LeRC. This

makes a lot of difference, specially in the assumption that the electrode temperatures remain

constant during the sweep, which is not quite true for manual biasing. Thus thee is a possibility

that a small change in temperature between data points resulted in the power density peaks

occurring at different output voltages. The verification tests were conducted at five different

emitter temperatures in the range of 1500 K to 1700 K. A summary of the important parameters

for the performance tests are shown in Table 5.1.

5.1.2 Multi-Stage Cesium Reservoir Temoerature Ontimization

The performance from every pair of electrodes in a new diode has to be optimized

with respect to the cesium reservoir temperature, the collector temperature and the emitter

temperature in order to arrive at the optimum design point at which this diode will operate if it

were to be used in a thermionic reactor. The optimization for each parametric temperature is

done iteratively till the temperature corresponding to peak performance is obtained. This section
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Table 5.1 Summaryof ImpaatPrms bidi ffmum Test m n t Lndimum

si . TE JSC voC VPP PP T

1 700 25.5 1.32 0.47 5.2 900 460

1650 21,7 '.*!1 0.41 4.1 850 450

1 600 Is.! ..!a 0.35 21.8 850 440

:!~50 1!5 .4.2 0.25 .2.1 950 440

1500 13.8 1.zo 1 7 1.1 Bo0 440

T EITTER TEL1PERATURE. K

7,. COLLECTOR TEMPERATURE. K

CESIUM RESERVOIR ;EMPERATUftE. K

Jc SHORT CIRCUIT CURRENT :ES M. Amps/Sq.Cm.

V PEN CIRCUIT VOLTAGE. Volts

P OUTPUTF VOLTAGE AT PEAK POWIR. Volts.

pp PEAK POWER DENSITY. Watts/Sq.Cm.
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provides the details on the multi-stage cesium reservoir temperature optimization and

recommends the optimum cesium reservoir te=perature.

a) Preliminary O Utimindon

The data in Figures 5.3 and 5.4 have been presented to reflect the

dependence of the output - current and output - power characteristics on the cesium reservoir

temperature. Figure 5.3 includes a family of current - density characteristics where the cesium

reservoir temperature was varied from 350 K to 550 K with the emitter temperature fixed at 1700

K and the collector temperature fixed at 900 K. As seen in the figure, the current densities

increased with increase in cesium reservoir temperature initially but then decreased above a

reservoir temperature of 485 K, in the positive quadrant. The slope of the Boltzmann line

changed but the overall current and power densities decreased. This is also observable from

Figure 5.4 which represents the power densities as a function of the diminiode output voltage.

The family of curves in Figure 5.4 defines an envelope curve, i.e., a curve

that is tangent to all characteristics of the family. This envelope curve shown in Figure 5.5

which is technically termed the optimized output - current density characteristic with respect to

the cesium reservoir temperature is called an optimum characteristic because for given fixed

parameters and electrode output voltage, this characteristic yields the maximum output current

density that can be achieved by varying the cesium reservoir temperature. In other words, all

possible operating data points can only lie below this envelope no matter what the value of the

cesium reservoir temperature. The cesium pressure at each point of the optimized characteristic

equals that of the output - current density characteristic tangent to the envelope at the point in

question. For relatively low output voltages, the points of tangency are on the ignited mode

branches of the output -current density characteristics. This implies that at these voltages, the

performance achieved by the unignited mode is better than that of the ignited mode.

Optimized output current density characteristics can also be presented as

optimized electrode or terminal output - power density characteristics. This is done by plotting

the product of current density and the voltage of points on the envelope versus the diminiode
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oututvolag. I~ esiamop~iad, power density chwcsidcmspanding to the cesium-

opimzed current density c in Figur 5.5 is shown in Figu 5.6. Th cesium

3pimized power density charcistic was found to peak at 0,395 volts. The simcan of this

peak is that frm a design point of view, if this diminiode kvn to operate at an emitter

temperature of 1700 K and a collector temperatur of 900 K, the best output can only be obtuned

by operating the diminiode at the optimum cesium reervoir tmpenatm and an output voltage

of 0.395 volts.

b) Uvtmw Celirn Bond Timaatr

The curre't density characteristics in Figure 5.3 only indicate that the

optimum cesium reservoir temperature lies somewhere between 480 K and 520 K but does not

narrow down the range any further to yield a better value. In order to narrow down this broad

range from 40oC to IOtC or better, the short circuit current density and the peak power density

for each cesium reservoir tempet were plotted as a function of a nondimensional

temperature. These plots ae indicated in Figure 5.7 whem the nondimensional temperature was

chosen as the ratio of emiter temperm to the cedum reservoir temperature. Ideally, the short

circuit current density and the pak power density are 'expected to peak at the sme

nondinensional temperature but there may be a shift in the paks as the cesium reservoir

temperatures at which the tests were conducted were not very close together. As seen in Figure

5.7, the short circuit current density plot peaks at a nondimensional temperature of 6.8 whereu

the peak power density plot peaks at 7.2. Thus, there is a small bandwidth in the cesium

reservoir temperature variation, that translates to 477 :t 6 1. If the criterion for maxmu

performance is peak power density, then the diominiode should be operated with the cesium

reservoir temperature at the higher level.

c) Emnirical -&Wnshig Between Power Denuitv and OuMut VoUM. for

The peak power densities for the plot in Figure 5.7 were obtained by

simulating curve fits for each one of the power density characteristics in Figure 5.4 over a
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PoItaerange oo .00 to + 0'.75 -volta. A smmuryotequln(wd nmmera)tt
resulted from t curve fitting along with the erro iIW is Provided below.

a) TR 350 K
P =5.488(V)3 - 10.7199(V)l + 6.5094V) - 0.0073(.1

Maximum error a 6.75%

b) T 390 K
P a233.898(V)'- 116.1461 1()' 22.2763(V)' + 13.6685(V) 3

.15.8978(V)l + 12.2152(V) - 0.0099 (5.2)
Maximum error a 0.0093%

C) TR = 420 K
P = 4.5541(V)3 - 23.58 18(V)2 + 18.1602(V) + 0.002 (5.3)
Maximum error =.1.632%

d) TR = 450 K
p - -136.918(V)" + 65.484V)l - 2.6845(V)' + 5.1515(V)3

-29.611 (V)I + 24.445(V) -0.0063 (5.4)
Maximum error m -0.013%

e) TR a 480 K
P - -159.057(V).- 30.1783(V)' + 70.2534(V)' + 10.901(V)l

- 43.8937(V)2 + 27.8117(V) -0.0023 (5.5)
Maximum error = 1.549%

f) TR - 520 K
P =646.1684(V) 0- 155.3342(V)'.- 104.7557(V)' + 23.487(V)3

-46.4499(V)' + 24.032(V) - 0.0055 (5.6)
Maximum error n 0.0077%

g) TR = 550 K
P n 1047.7726(V)' - 73.8637(V)' + 173.1835(V) 3 - 53.5009(V)2

+' 9.3878(V) + 0.01 12 (5.7)
Maximum error n 6.501%
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In equations 5.1 through 5.7, P repremnts the power density in watsfm. T1 represents the

cesium resvoir temperature and V reptesents the diminiod output voltage in volts. Each one

of these equations was used in a BASIC prosam to compute the maimum power density for
each cesium rsrvoie r tempwm .

d) Ann

The results of the second stage cesium reervoir temperature performanm

optimization tests am shown in Figures 5.8 and 5.9. Figu 5.8 indicates the output current

density characteristics as a Naction of the output voltage for various cesium reservoir

temperatures. During these cesium reservoir temperature optimization tests, the colector

temperature was maintained at 885 K and fte emitter temperature at 1700 K. It was found that

the maximum short circuit current density occurred with a cesium reservoir temperature of 500

K but this was just about 1 A/cm (or less) more than the corresponding value at 475 K.

However, as seen in Figure 5.9 which are the corresponding plots for the power density as a

function of output voltage, the plot for a cesium reservoir temperature of 485 K has a higher peak

power density than the plot for 495 K. This observation together with the fact that the spread

in the experimental data exceeds ±0.5 A/cn provides sufficient evidence that the optimum

cesium reservoir temperature lies in the vicinity of 485 K.

5.1.3 Multi.Stage C 1l .Q Teumla O. mig-a

a) Collector Temperature Outimizmion

Figures 5.10 and 5.11 represent the collector optimized output current

density and output power density characteristics respectively. As indicated In the figures, the

emitter temperature was maintained at 1700 K, the cesium resrvoir temperature was maintained

at 485 K while the collector temperature was varied from 750 K to 1020 K. As in the cesium

reservoir temperature optimization the current densities in the positive output quadrant increased

with increase in the collector temperature to about 900 K and then started dropping for high

collector temperatures. The slope of the Boltzmm line however did not indicate a significant

change as in the resium reservoir temperature optimization. Further, the variation in current

densities over the entire collector temperature range is very small compared to the corresponding
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variation in the cesium reservoir temperamtur optimization. This implies that the cesium reservoir

temperature has a great effect on the output chaxieistics of the diminiode in the concerned

temperature range.

As seen in Figure 5.10 there is significant back emission for collector

temperatures above 950 K. This back emission not only causes the difference in work functions

between the emitter and collector to change but also reduces conduction of electrons due to the

extra intermolecular/interparticle collisions. Thus there is a detrimental effect in increasing the

collector temperature indefinitely in that the overall power output comes down significantly. The

changes caused by changing the collector temperature for given values of emitter and cesium

reservoir temperature are more easily discernible in Figure 5.11, in the region where the power

density characteristics peak out.

The optimized electrode output current density characteristic envelope with

respect to the collector temperature is shown in Filure 5.12. The corresponding optimized

electrode output power density characteristic envelope with respect to the collector temperature

is shown in Figure 5.13. Both these envelopes reprent the best possible output parameters for

a given emitter and cesium reservoir temperature. All possible operating points can only lie

within the envelope regardless of how high the collector temperature could be increased. The

collector optimized power density characteristic was found to peak at about 0.39 volt which

would be the optimum design operating point for a Lanthanum Hexaboride diminiode with an

emitter temperature of 1700 K and a cesium reservoir temperature of 485 K.

b) OptirUnm Collector TemOraturm

Figure 5.14 indicates the variation of the short circuit current density and

the peak power density with the collector temperature which in this case has been built into a

nondimensional temperature, T. The nondimensional temperature is the ratio of the emitter

temperature to the collector temperature. The short circuit current density was found to peak at

a non-dimensional temperature of 2.356 while the peak power density peaked at 2.31. This
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tslates to a collector temperature range of 612:0C. The band width for performance with

the optimum collector temperature is clearly shown in Flgure 5.14.

c) Fin Stag Collector Temnentur O= ti zation

Figure 5.15 represent the output current density characteristics of the

second stage collector temperature optmizanon tests. From the short circuit current density

values for the various collector tempmures, the maximum short circuit current density occurs

with the collector at 855 K. Howe :r, in Figure 5.16 there is a sharp drop in power density at

this temperature above 0.4 volt. This shap drop is not observed at higher temperatures and

given the spread in the experimental data, the most likely value of optimum collector temperature

would be 870 K. Any more accuracy in arriving at the optiraum temperatures can only be

obtained with high frequency data points generated with a 20.ms sweep.

5.1.4 Emitter TeM2erture Onimi o

The emitter temperature optimization test on the Lanthanum Hexaboride diminiode

was conducted with constant collector and cesium reservoir temperatures of 88! K and 477 K

respectively. The emitter temperature was varied from 1450 K to 1700 K. The lower limit on

this temperature was based on the fact that there was practically no positive output current below

1400 K, and the upper limit was based on the material bonding strenot. The emitter is hot

pressed to the tantalum target and the bonding is weakened above 1750 K partly because of the

thermal expansion mismatch and partly because of the high reactivity of Lanthanum Hexaboride.

Figure 5.17 represents the current density characteristics for the various emitter temperatures.

As seen in the figure, the highest current densities were obtained with the emitter at 1700 K. On

the way towards a negative bias voltage, ignition occurs earlier at a higher emitter temperature

indicating that the emitter temperature plays an important part in the bulk or volume ionization

of cesium atoms. The collector was maintained at 885 K and the cesium reservoir was

maintained at 477 K, their respective optimized temperatures. Figure 5.18 represents the

optimized electrode output current density characteristic envelope with respect to emitter

temperature.
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Figure 5.19 represents the output power density characteristics and Figure 5.20

represents the optimized electrode output power density characteristic envelope with respect to

emitter temperature. Thes figures show that the peak pover density occurs at about 0.45 volt.

In an earlier series of collector temperature optimization tests, the peak occured at 0.39 vOIL
By repeated iterations of optimization one can finally arrive at a design parameter for the

diminiode output voltage at which peak emission occurs. The broken line in Figure 5.20
indicates that porion of the power density envelope that would have existed had ignition in all
cases of emitter temperature, occured above 0 volt.

Figure 5.21 indicates the variation of short circuit current density and peak power

density as a function of the nondimensional temperature, r. The nondimensional temperature

is the ratio of the maximum emitter temperature (17M) K) to the emitter temperature for a given

test. The slopes of the two plots indicate that there might have been a peak at a temperature
greater than 1700 K. but due to material bonding limitations, it was not advisable to go to higher

temperatures. Thus, for all practical purposes the optimized emitter temperature was found to
be 1700 K. Multi-stage optimization was not conducted in this ca because of the temperature

restraint above 1700 K.

5.1.5 lInition and De-lanition Studies

Tests were conducted on the LaB. diminiode in order to determine the current
density and output voltage before and after ignition. The results of these tests are indicated in
Table 5.2. Since the sequence of tests was not completed, no graptic representations have been

provided. As seen in the table, the voltage at which ignition occurs increases with increase in

emitter temperature which is expected and normal. The current density also increases with
increase in emitter temperature bct not as sharply as the rise in voltage.

o

Figure 5.22 gives the experimental data as well as the linear approximation for the
variation of ignition voltage before and after ignition with variation in emitter temperature. The

emitter temperature was varied from 1400 K to 1700 K. -figher temperatures could not be

attained as a result of the bonding suength deterioration between the emitter and target. The
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effect of bulk ionization is to iverease both the output voltage as well as the output current

immediately after ignition and this is clearly observed in the figure. Ignition occurs at negative

voltages for all emitter temperatures below 1625 K. The effect of bulk ionization in obtaining

higher power is greater at lower emitter temperatures as the difference between ignition voltages

before and after ignition is greater. However as the emitter temperature is raised, the jump in

the voltage level decreases indicating that bulk ionization as well as the high temperature

contribute to the minimization of the negative space charge effect.

The broken lines connecting the experimental data points are linear approximations

that best suit the trend in the behavior of experimental data points. An analytical curve fit

revealed that the variation in ignition voltage before ignition can be represented by the relation.

V~os = 3.6455xlOI(T,.) 3.8956 (5.8)

and after ignition, the variation can be approximated by

VIOA = 2.4203xO"(T,) - 3.4844 (5.9)

where Via = Voltage Before Ignition

V oA = Voltage After Ignition

Ti:= Emitter Temperature

The results of the cesium reservoir and collector optimization ignition tests are

provided in Tables 5.3 and 5.4 and Figures 5.23 and 5.24 respectively. The cesium reservoir

temperature was varied from 350 K to 540 K at random intervals and the collector temperature

was varied from 750 K to 980 K. In both series of tests, the emitter temperature was maintained

at 1700 K. Since the emitter temperature remained constant it was hard to determine the effect

of temperature on obtaining higher power output levels. As seen from the results, the output

voltage after ignition, exhibited an expected trend with increase in cesium reservoir temperature.
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The voltage peaked at about 470 K indicating that the optimum power levels can be obtained in

this vicinity.

However, the trend exhibited by the ignition characteristics for the variation in

collector temperam was not uniform but fluctuating thereby giving an indication that the

ignition output parameters were not strong functions of the colector temperature. However, it

was found that a strong driving force was necessary to cause bulk ionization as ignition was

initiated at negative voltages above a collector temperature of 925 K. Since the same effect was

observed at low cesium reservoir temperatures, it can be concluded that the optimum power

levels for the LaB, diminiode can only be obtained by operating it with a cesium reservoir

temperature < 450 K and a collector temperature > 900. K.

5.2 ASITAR-811C Diminiode Performance

The emitter for this fixed space planar miniature diode is a tantalum alloy termed

ASTAR-8 1 IC. This alloy has a nominal composition consisting of 90 at.% Ta, 8 at.% W, 0.7

at.% Hf, I at.% Re and 0.025 at.% C. The collector is a Niobium - I at.% Zirconium alloy

which is separated from the emitter by 0.254 mm.

The tests were conducted with an emitter temperature of 1800 K, a collector temperature

of 1040 K and a cesium reservoir temperature ranging from 604 K to 708 K. The tests were a

repeat of those conducted at NASA and reported by James F. Morris and others [121. The

purpose of these tests was to verify the performance of the diminiode with identical operating

conditions. Each test was conducted by bringing the diminiode up to the specified primary

parameters and then varying the bias supply from a positive voltage through zero, to a negative

voltage and back to the positive voltage. One complete sweep with the bias power supply

ensures the occurrence of ignition, de-ignition and coincidence of current densities before and

after de-ignition for the same output voltage. For the externally driven diminiode, the

corresponding output voltage varied from +1.2 volts to -0.25 volt and then back to +1.2 volts.
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5.2.1 Curnt aM Power Density Characteristics

The output current and power density chanteristics of the ASTAR-811C diminiode

for a cesium reservoir temperature of 651 K is indicated in Figure 5.25. Superimposed on the

plot is the corresponding plot obtained at NASA, LeC. As represented in the figure, a number

of differences were observed between tha plots obtained at AFWAL and those published in the

NASA report. The back emission was considerably higher at all cesium reservoir temperanus.

This indicated that either the collector temperature at which the tests were conducted was too

high or the characteristics of the collector surface had changed by deposits of the emiter

material. This can be checked by repeating some of the key tests at lower collector temperatures.

The tests conducted, exhibited a general trend with cesium reservoir temperature.

The short circuit current densities and the open circuit voltages constantly decreased with increase

in cesium reservoir temperature unlike the trend exhibited by the NASA plots whem the power

density peaked at a cesium reservoir temperature of 651 K. From an optimization point of view,

this might indicate that with the change in surface characteristics, the optimum cesium reservoir

temperature for efficient ionization has dropped to 600 K or lower.

The test results published in the NASA report and presented in Figure 5.25 had

clearly defined Ignition and De-ignition points while the corresponding plots for the tests

conducted recently, did not show any indication of oper',::ng in the ignited mode. Neither

ignition nor de-ignition points were identifiable on any of the plots. The main reason for this

behavior is the high back emission and low forward emission at lower voltages. This

characteristic prevents the diode from operating in a space charge limited mode which transitions

into the ignited mode of operation after ignition occurs. Cesium depletion is yet another

possibility that could be responsible for the lack of an ionizing plasma to cause ignition or

neutralization of the negative space charge accumulation at the emitter surface.
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5.3 Performme of the ltched Rhenium- Niobium Diode

5.3.1 me'al Perfa

The planar diode with a Rhenium Emitter and Niobium collector was tested for

the first time in diode Station #3. The cesium reservoir temperature and collector temperature

were maintained constant at 473 K and 773 K respectively. However, the emitter temperature

was varied from 1273 K to 1773 K. The corresponding output current and power density

chafacteristics for an emitter temperature of 1723 K is shown in Figure 5.26. As observed from

these characteristics, the diode continued to operate in the space charge limited mode till the

emitter temperature wu raised to 1723 K, when ignition occurred and current densities moved

up rapidly. The points of ignition and de-ignition are clearly indicated in the characteristics

corresponding to an emitter temperature of 1723 K. Ignition did occur at 1673 K but the overall

current densities were lower than those at 1623 K indicating that the optimum emitter

temperature was between 1573 K and 1673 K. Any further increase in emitter temperature did

not enhance the current densities but eventwally led to a form of unstable operation as represented

by the characteristics corresponding to an emitter temperature of 1773 K. These tests represent

a preliminary series to affirm the performance capacity of the diode station.

5.3.2 Peak Power Density as a Function of Emitter Temperature

Figure 5.27 is a plot of peak power density as a function of emitter temperature

for the Rhenium-Niobium diode. This is a result of the various tests conducted on the diode with

constant collector and cesium reservoir temperatures. As seen in the characteristics, the power

density was a maximum at an emitter temperature of 1723 K, even though ignition occurred at

negative voltages. Ignition was found to occur only at emitter temperatures of 1623 K, 1673 K

and 1723 K because of the low Cesium Reservoir Temperature. It is proposed to conduct

extensive tests on this diode for mapping its performance.

5.4 Characterization of the Lanthanum Hexaboride Diode with a I-D Code

A one-dimensional Thermionic Energy Conversion (TEC) computer code has been utilized

to provide a theoretical basis of comparison for experimentally derived data obtaine from a

lanthanum hexaboride cesium vapor thermionic diode. Although the code generated predictions
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obtained were not in precise agreement with the experimental results, they do provide a bas for

establishing the validity of the experimental results from an analytical framework. Certain

discrepancies are thus identified and are attempted to be accounted for in terms of code

inaccuracies and/or possible experimental error.

M. Ramalingam and M. Morgan produced experimental lanthanum-hexabori (LA)

cesium-vapor TEC diode characteristics which are compared to those predicted by the TEC code

[13). The diode used was activated by electron bdmbardment (EB) heating in a rejuvenated

diode testing facility, originally acquired from the National Aeronautics and Space Adminitration

(NASA) Lewis Research Center (LeRC), Cleveland, OH [1,21.

A Disk Operating System (DOS) loop (Figure 5.28) and auxiliary fortran program (Figure

5.29) were used in conjunction with the original TEC code to generate both general and (LaB)

simulated diode current density vs. output voltage (JV) characteristics. The effects of changing

the emitter & collector work functions, as well as the operating cesium-vapor pressure, were

studied for both cases. All results are shown in terms of J-V characteristics.

5.4.1 Code Description and Simulation Procedure

The Fortran code is a time-dependent analysis code which was used by Main (141

and Lawless (151 to compute the TEC plasma conditions over discrete time intervals. When

running on a desk-top PC. the code first prompts the user for the basic TEC parameters: emitter

and collector work functions %*. & J, emitter and collector temperature (T. & TJ, cesium

vaporpressure (p) inter-electrode gap (d), and operating current density (J). In additicon, the user

can specify the tim between iteration steps and several program output control conditions as

well. The program calculates the plasma densities, electron temperatures, sheath heights, and

many other pertinent thermionic parameters. If the iterations ae continued for a sufficient length

of time, in some cases, a convergence will occur, the plasma will ignite, and a "steady-state"

condition of the diode will be observed.
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At the Aerosac Proplsio and Power Laboratoy, anodhe Faman propm and

an associated DOS level loop was developed to provide the capability of graphiug the progrm's

output into the typical. diode 3-V chalracustic. This allowed the simulvad results to be easily

compared with those generaed -IFperWlmmn--illy. Many JLV characteristics were thereby produced

some of which are discussed below. Other charateristics were generate only to verify and

observe the code'. perfomance. In attempting to simulate the LaB6 diodie, the firs requirement

was that of Inuring that a converged (or ignited) characteristic was produced from the pameter

chosen. T., TI. d. and p (derived hom known cesium reservoir temperature and spacing) wene

known from experimentL However, both *. and #. could only be approximated. These values

weetherefore estimated based on the literature and previously measured LaB, experimental i.V

curves. The *, was first approximate from the experimental J-V slope and maximum observed

current density, as 2.25 eV or loss. The , was then estimated based on the zero-voltage crossing

point for Jhe experimental curves and a rough calculation using coulombic resistance:

J aw A7j[eap-(V.*)116OW1700J (5.10)

1700 12.74#H (5.11)

with coulombic resistance,

0.146551n # eVu - (Rc)(d)WJ) (5.12)

assuming Rc - 0.75 ohm.cin from the slope of the experimental 3-V curve, with other variables

known, yielded 0, 1.81 eV.
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After the LaB, work functions were approximated. various combinations of emitter,

collector, and cesium temperatures were thus simuled. The results were plotted, and am

discussed in the following section.

5.4.2 Perfdmnce of the Code

The code is an exnmely useful method of estimating ThC characteristics for

materials, temperures, pressures, etc. u yet untried expermentally. As previously stated, the

code allows an examination of a TEC diode's characteristics on t transient, time-scale basis.

This transient TEC diode J-V characteristic can easily be noted in Figure 5.30

where TEC code parameters were chosen arbitrarily. As the number of iterations increases, the

characteristic moves to the left, eventually converging on the Boltzmann portion of the curve.

It is observed that the initial mode is basically that of unignited, space-chire limited operation,

but as N is increased, ignition occurs and the Boltzmann slope becomes more pronounced. In

Figure 5.30, ignition is clearly observed for N=1000. The "knee" between the Boltzmann slope

and semi-saturation portions of the curve is not entirely understood but it appears to be an artifact

of the computer algorithm.

Figure 5.31 is similar to that of Figure 5.30 except that it represents half the

cesium vapor pressure. Lower pressures are observed to be less predictable with the code. This

is exemplified by the N-2000 curve. Notwithstanding, all plots converge at the highest saturation

current density as would be expected. As in Figure 5.30, the TEC diode operated partially

ignited for Nu100 where the ions in the diode plasma have not yet achieved sufficient

concentration.

Figure 5.32 is again similar to Figures 5.30 and 5.31 except that it represents a

furtter reduction in cesium vapor pressure. The current density is seen to decay over time and

with increasing numbers of iterations until the curve for N-2500 is rteched where a converged

characteristic or "pseudo-ignited" mode is observed. The inaccuracies of the program at low

pressures am apin observed. The rmous for this could be several, including approximations
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of the ion/electron collision cross-section are too rough or the neglect of ion inertia in the

conservation of momentum equations. In any case, low mean free paths associated with low

pressures, are very difficult to be mathematically modeled with utmost precision.

In Figure 5.33, TEC operation under varied emitter temperature conditions for

"high" pressure is simulated. As expected, large variations in current density with modest

changes in emitter temperature are observed. The dependence on the T. squared term in the

Richarison-Dushman equation verifies the appropriateness of this result:

J - A7j.[oz-(#JkT)j (5.13)

Note that the T.= 1900 K curve was not operated to show saturation.

Figure 5.34 shows a theo,,tical simulation representation of TEC diode operation

for a high cesium reservoir pressure but varying collector temperatures. It is noted that collector

temperature variations in the range shown pliy a minor role in moderating the TEC diode

performance. Only slight variations in the characteristic are observed for changes of ± 200 K.

The largest variations are predicted in the previously mentioned "knee" region. In a similar

fashion, Figure 5.35 shows the results of a varied emitter temperature but under lower cesium

vapor pressure conditions. (The 0, was changed slightly to enable a LaW, comparison in the next

section.) In this case, the current-density behaves again as expected, with a seemingly greater

proportionate increase at the higher temperature than that observed previously in Figure 5.33.

J-V characteristic discontinuities indicating ignition are also noted in each curve

of Figure 5.35 whereas they were not observed in Figure 5.33. Also, the Boltzann slopes of

the two curves of Figure 5.35 are basically parallel whereas they appear skewed in Figure 5.33.
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Finally, Figure 5.36 illustrates the same results seen in Figure 5.34 except that the

cesium vapor pressure has been decreased and the #, has been changed slightly as discussed

previously. Again, only small changes in the J.-V characteristic would be incurred as the result

of relatively large collector temperature changes. As in Figure 5.34 saturation values and

Boltzmann slopes are similar with Figure 5.36 having more pronounced "Boltmann" and

"Saturation" features.

5.4.3 Agglication of the Code

Experimentally obtained optimized LaB, results are shown in Figures 5.3, 5.10 and

5.17 1161. The apparatus used allowed the measurement of fairly low pressures but not

iu'fficiently high currents. The code was able to approximately simulate these curves by

employing estimated emitter and collector work functions. Other TEC parameters were known

ftrom the experimental setup. The LaBs emitter work function was assumed-to be 2.25 eV based

on the magnitudes and slopes of current densities observed from various tests. The LaB

collector work function was approximated between 1.81 and 2.02 eV based on the

aforementioned calculations and other experimentalobservations.

Experimentally obtained results for a LaB, diode showing characteristic variations

due to changes in collector temperature are provided in Figure 5.10. It is noted that no major

distinction can be mad ietween curves, supporting the previous results achieved by simulation.

in like manner, experimentally obtained results for the same diode showing the impact of emitter

temperature changes on the diode characteristic are shown in Figure 5.17.

Figure 5.37 presents the TEC code simulated LaB, J-V characteristics with respect

to variation in cesium vapor pressure. Obviously, again as in Figure 5.32, the lowest pressure

plot (p=O.l tort) does not seem appropriate. hence the program inadequacy at relatively low

pressures is demonstrated. in this case, the best TEC operating condition is obviously that of the

highest emitter temperature. in comparison with Figures 5.33 and 5.35, this result is also
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CONCLUSIONS AND FUTURE ACTM

The section has been divided into the conclusions and future activities for five different

topics of research encountered in the entire program.

6.1 Diminiode Test Stazions andJmthanm ,,xaboide DiodI

The facilities and equipment acquired from NASA LeRC through Arizona State University

(ASU) were successfully set up and tested with a Lanthanum Hexaboride diminiode at the APL

of AFWALJWPAFB. Both performance verification and optimization tests were conducted to

establish the performance cf the instrumentation, data acquisition/processing systems and other

atccessories. There was excellent correspondence of the results obtained formerly at NASA LeRC

and presently at AFWAL. The entire exercise was a valuable experience for all the scientists and

technicians involved in the project and a morale booster for future, more innovative research

activities in Thermionic Energy Convesion.

The major problem involving the testing of the dlode/diminiode was the lack of a sweep

generator system to bias the diode. With manul biasing, it takes the best pan of 3 hours to

complete one sweep going from an output voltage of +2.0 volts to -1.0 volts. The reason for this

is that all the cooling adjustments have to be made prior to increasing or decreasing the bias

supply. However, by using a 5- or 10-V pulse to sweep the diode, the entire duration can be

brought down to less than 20 msec as we are now able to capitalize on the thermal inertia

properties of the metal that facilitate the maintenance of constant temperature. This addition

together with an oscilloscope to view the J-V characteristic should bring the stations close to

having the state of the technical an in instrumenting .a diode test station.

6.2 The ASTAR-81 .IC Diode and the Diode Processing Station

The ASTAR-81 IC Diode did not seem to possess any significant current even when the

emitter was heated up to 1800 K. The back emission seemed to be considerably high at all

cesium reservoir temperatures. This indicates that either the collector temperature at which the
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tes-were'nuc w too high r arattics of the collector surae had changedby
deposits of the emitter material. This can be checked by rpeating some of the tests at lower

Collector temp tuMs.

The diode processing staton is almost 90 percent insulted. It would be a good idea to
replace the existing power supplies with more sophisticated temperature controllers and power

supplies. A welding fidament has to be designed and several tantalum tubes should be welded

in order to optimize the weld parameters.

6.3 TECO Test Station and the Rhenium-Niobium Diode

Preliminary test on the etched Rhenium-Niobium diode did indicate that the diode was
performing with ignition and de-initdon but at low current densities. It would take several

different test procedures to map the performance of the diode completely and then come to any
conclusions regarding its operating efficiency. Again, the biasing of the diode was done

manually, and unless a sweep generator and oscdlloicope are included as a part of the
instrumentation, the thermal inertia properties of the material cannot be exploited.

6.4 Comnouter Characterization of Diode Performance

The TEC code J-V characteristic simulations were significant in their use as a comparison
for actual characteristics generated experimentally. In addition, they were useful in demonstrating
the transient nature of the characteristics themselves over time.

Figure 5.30 indicates at a cesium vapor pressure of 1 torr represents approximately what

might be expected under experimental conditions. The "knees" in the curves, however, are not
consistent with experimental results and might be attributed to different rates of decay of the
plasma parameters in the code for the region between the "Boltzmann" and "saturation" portions

of the curve.
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Other unexpected ambiguities in the code's results include the N=2000 curve in Figure

5.31. 'Thisis considered to bean eifact occurring at low pressures (low number of mean fe

paths) and due to a combination of either inaccurate collision cross section modeling and/orthe

neglect of ion inertia in the conservation of momentum equations as used, in calculati g the

plasma profile in the code.

Differences in plasma igniton ChmMc stics were also observed between the experimental

results and the code's predictions. As ignition of the plasma is dependent on many variables

(electron temperature, mean free paths, ion concentration, etc.), it was expected that this plomok

of the curve might be less accurate. In the steady-state mode, calculated values for a moderate

pressure of 0.39 tofr, agreed with experimental results within 5 percent but at lower ptssus (<

1.0 tort), the analytical results deviated considerably from experimentl results. The simulations

for collector temperature variation were reasonably good as this does not ftect the peifomance

appreciably as observed from experimental results. ThC emitter temperture simulations yielded

exaggerated current densities. Furthennmor, the code predicted "knee" as observed in some of

the results, was not measured experimentally, as the equipment used was not capable of

measu'ing higher current densities than that shown (Figure 5.3). This portion of the curve

requires additional attention from both the simulation (code) and experimental directions.

The TEC code used demonstrates the capability of current comfputer programs to prbduce

significant results and provide reasonably accurate TEC predictions. With the advent of

improved computational facilities, it is expected .nat this and possible other codes will be further

advanced, thereby providing continued insight bito rapid analytical verification of experimental

work in the field.

Areas requiring improvement in the particular code examined in this paper include:

1) improved modeling accuracy at telatively low cesium vapor pressures,

2) bett.r ignition/de-ignition definition,

3) possible fl ening of the "knee" portion of the cure, and
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4) numerical operaions within the code might be reformulated to allow for a faster

program execution time. The progrn might also be recompiled to run on more

powerful mainframne systems.

6.5 Goal, of Tha'mionic sjerch at WRDC

The overall goa of the WRDC in-house thermionic conversion research in the future will

be to support Air Force needs in 6.1, 6.2, and 6.3 research. Specifically, this mms supporting

efforts such as the Advanced Thermionic Initiative (AT) being undertaken cooperatively between

SDIO/IST and WRDC. There will be close interfacing with universities and businesses providing

technical assistance and leadership as appropriate. Accordingly, the design philosophy in

developing in-house facilities is to use standard, inexpensive equipment and software wherever

possible, so as to facilitate smooth interactions with universities and businesses, thereby making

the universal contribution to the thermionic technology, more effective.

A high-priority goal is to fabricate diodes in-house using the "Diminiode" fabrication

equipment acquired from Arizona State university. There are several reasons for doing this. One

is that it will allow quick examination of novel surfaces and configurations (i.e., grooved

surfaces, diamond-like surfaces, oxygenated surfaces, etc.). A second advantage is that it would

support very high temperature thermionics (VHTT). where tests resulting in damage or

destruction can be undertaken without fear of crippling the in-house capability. A third

advantage is that it will allow the interaction with universities and businesses, leading to a

broader US technology base. The goal is to produce a diminiode as soon as possible and modify

the setup to more closely replicate added features such as variable gap, sapphire windows to view

plasma conditions and so on.

With the existing diminiodes or similar converters, the phenomena of ignition/de-ignition

in converters will be studied. These are of crucial importance in devising a stable startup

procedure for a thermionic reactor. The reason is that the formation of an arc in cesium may
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Cool the emitter so much that the arc may exdnguish it Self, which has ,an adverse effect on the

startup process and on the nucleonics. To date 'these phenomena have not been addressed in

great detl by the US thenmionic community.
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DESIGN DRAWINGS FOR THE PYROMETER SUPPORT STAND
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DESIGN DRAWINGS OF THE SIMULATED STRUCTURE FOR

CESIUM CYLINDER BRAZING
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DETAILS FOR PARTS OF SIMULATED STRUCTJRE FOR CESIUM '-YLINDER
BRAZ I NG

PART * DESCRIPTION MATERIAL QTY.

- 3ase 71ange 3.3.304

- ?lango ' .iserr S.S.304

, uppor, strip - S..304 -

4 3upport Strip - 2 S.S.304 I

Support Strip - 3 S.S.304 1

6 Cesium Capsule Container Tantalum A.R.

- Base ror Cesium Cooling Coill S.S.304 A.R.

.3~Nichrome Heater Connection - -

Nichrome Heater Nichrome -

10 :eramic :nsulating Bead Aluminum 2
Oxide

ii AlIthread (6-32) S.S. .2
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