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POREWORD

This documsnt was prepared by TEIN Systems, Radondo Bsech, Califormias,
under US Alr Yorce Contrsct No. F33615-69-C-1254. The vork ves sdninistered
by Air Forca Aero Propulsion Laboratory, AFIE, Asroepuce Power Divisiocs,
Wright-Patterson Air Force Beage, Ohio funds. This work was eupported in
part by Asro Propulsion Laborstory directicus. AFAPL program ms:. “eat aad
technical guidsuce ware nrovided by Willism C. Durvon end Jack Cetis.

This report describes the work perforwmed from 1 Jesusry 1969 to 30
January 1970. The work wvas performsed in the Low Threst Propuls{no Nepertment,
which is part of tha Technology Ladoratory of TIN Systsms. Dr. M. ¥. Buberwes
was Project Menasger.

In sdditfon to the authors {nvolvement in tbe project. the following
persoanel made significent contributicns: R. 7. Kemp did much of the
eaarly pulsed and AC work. Managerisl and technical guid-"ce were provided
by EL. Cobem, Menager of the Low Thrust Propulsiom Departm. A. Seatom,
V. Daley, ¥. law and J. xipley provided invalusdle techsical supypert thrrregh-
out the progras. Additioccal valuable support was alse provided by
¥ontzoo de ls Crus anld K. Uest.

This report was submitted by the swthors Jammary 1970.

Pablicatiom of this repert éoes not cowatitwmts 4is Force epyrovsl
of tha report's fimdings or counclwsioms. It is yeiilnhed caly for t'w

exchange and etimulstiomn of l{dees. o
Kodaid & ‘ﬁj

RICHARD ~. LEIRY, Maj.. UBAF
Chied
Prepelsisn sad Pover Bromch
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AJSTRACT

A program tn develop sud advance the techoology reeded for  ractical
colloid propulsion flighe system 18 descrided. A 100-aicreopeund,
1500-secord specific impulse, vectorable cclloid thruzter concep: has
been developed acd tested. Several oeutralizer coucey:s apd thel'r
interactions with rhe colloid besm plassa poteatial araz discusse:.

Direct thrust mesasurements have bean correlated vith tise-ci-flight
calculations for variocus 100-aicropuund colloid thrustar comcepirs.
Several propellants, includiag liquid metals, have been luvestigsted.
The feasidility of pulsed and AC collcid propulsion hz: bewm fnvostigated.
Various single-needle colloid experiments wers performad.

A preliminary power ccoditioning approach for s l-eillfipownd,
orthogonelly thrust vectorable colloid systes has been developed.

The anticipated uffects of synchrooous ordit solar rad’ation om roedle

operating temperarurs have been examined. .
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SPECIAL NOTX

All results presemted (n this report, waless otherwise atatsd,
are based cu time—of-flight ssasuremsnts. Theee msasuremsnts are
usad to calculi*a thrust, specific impulse, charge-to—wsss ratioe,
mase flow eod thruster eff{icliency. The efficiency 1ia this cass s
defined as 1'1/7 A whete T snd A are, Iespectiveiy, the thrust and
maee {low reculting from the time—of-flight calculations sad P s the

product of the applied nsedle woltage times the cutremt supplied to the

thruster. The time-of-flight calculations zeglect the effects of
beam spread and sa spproximats 400~volt lnus in the spraying process.
The combined f{aacturacy dus to these two effects, which is impractical
to ssasure in each experimant, is balicved, on the basis of periodic
azpurinental obeervaticas of baam spread, to be less tham 10X. For
further evidencs in this respect, the resdar {s rsferved to the
correlation of Clam-of-€light data with direct thrusc aod mmss flow
msasuramenis preseutsd in Sectiom 8 of this report.

iv
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1. UNTRODUCTION D FMRY

THN 3ystams, under Alr Force Azre Tropulsice Lsborstory €isstion
and spomsorship, 1a engaged ia the sysetematiz smalyeis snd Luwrocti-
gatiom of charged droplats, or collaiis, 26 & form ol slectris propuleise.
These effurts, inltially of a physical reseazch mature, hive pi.cesdsad
te the pcint where the feasidilicy of colloid devicer has bewn demom~
scrated. Concurresnt vith tha technciogical achisvenents, ¢ ¥tems
studies end ansliyses have been conducted, wdar both Air Porce end TEF
support, that have clesrly indicated sm sres of statiockespiag and
spacecraft control wvhere collsoid propulsi-n iy ceedied. The predsat
progras, "Charged Dropliet Rlectroetstic Thiuster Sywtome .” has boes
directed towards further sdvencing the sendad tachmsiogy. This repetrt
describes an< summarizes tha specific work perforsmed oa this program
cvoducted uynder ContTact T33615-69-C-1254 during tde pariod 3 Jamuary 1949
through 30 January 1970.

The work perforsed eaccapsasces ¢l) sross Twlsted to the davelop-
pent of practical coiloid flight systeme. In brief, these arsss
includsd thrueter neutralization, fecmd syotem, power cood!tioning
propallant snd fabricarioa techaclogy. dditfonsl ex.crimentsal wovk
wae performad with AC and pulsed collold thrustare, liquid metal
sources, annular snd linear ¢liy thrustare, tliwst vectorisng geomtrise,
mod kirec: thrust seasuremesmts. A9 par' of .his progran, a spucial
voevoiume study sntitied Mission md Spacecrafc laterface Iequ’ cemear
for Secoudary Propulsion Subsyetems sod their Ixpact on Collold Syozowme™
has been pubiished under separats covey. The objectives of T la study
wara t0: (1) select possidle iir Torce satellits miusions smd indicate
colliold aspplicadility; (2) determine ifnterfaces tha: axist for & colluid
secondary propuleion swbeystem {SP3) during istsgration obossd s “wCxre
Ady Vorca satalliis; smd (3) rsvalucte there incorfuces, indicating
the areas in which «fforts shwild he councowtratad during i‘be osxr phaso
of colioid devalopasat.

{a the present volume, Sectiow ! deacriles thruet wectoriag
axperisme. .3 designed to demcomstrate the fessibilicty of 130(--eecomd
spocific impulse vectored overatios Seciion ] dewcribes rlugle meedls
isvestigations of new nesdl- desigas, the wes of tungetim nevdled and
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the offects of pump oil coutssination o scedla operatioun. Sectiom 4
discusees the use of bare tungsten end activatad neutralizers. The-
graticel and experimental determirations of the plasms potestial die-
tribution in the vicinity of a colloid thruster are presented.
Problemo associated with neutralizer contsminatiocn ia s clooed systam
ccllofd test enviroomeat are also discussed.

Section 5 descrides the developmsat snd testing of & new collotd
fosd system which utilixes the absorptive properties of zeclite as &
prassursant regulator. Thils coocept allows contiouowe feed yressvre
coutrol over the entire presssure range between norasl feed demend end
sero pressure. As a rasulr, it {s oow possible te (1) masintain
coastant oominal feed pressurs throughout & miseiocm, (2) utilize
f+0é pressure control to compensste {or thruster tesperaturs varistioas
@rd varioss throttliing requirements, and (3) commend zero pressure
for valveless turnoff.

faction 6 describes the development and tssting of a nominsld
00~ cropound thrust, vectorabls, 1300-secoud specific impulse
thArusvas module. Section 7 discussas tha expectied needls temperature
variscions dus to solar radistion and energy less dissipation at
typical opersiion levels .. 2 synckrooc « ordit. Sectiom 8 describes
and cottsixtes simultanecus time—of-flight sod thrust messurements
performedt for three diffesrent 100-micropound thruster coscspts devsioped
o the 2zuces of this program.

Setion 9 describes sxpariments with propellaats octher than the
conventional sodium todide—glycerol solutiom. Specific propellsnts
dascribed include potassiuvm {odide~glycsrol, & aixcure of sodium and
cuitium Lodiday in glycerol, liquid gsllium snd liquid cesium. Sectiom
10 élscasnrs powsr conditiocaing concepts for a2 l-aillipound, orthogoually
thrast wactoradle, 1500-second specific impulse colloid thruster flight
syotem sod yraseats preliminary weight, sizs, relishbility amd
afficiamey sacinates. Section 1l describes experimsnts with AC and
relied colicold thresters and discusses feasibility constderntions for
thase two tivimiquas. Sectiom 12 preseats the reswlrs of a sajor pro~
grom gud-tany, the developmsat of various stwmalar aad linear slit geomstry
COnCephe.
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1. TURUST VICTORING

Thrust vectoring experimests ware performed vith both the stsaderd
nesdles (lé-ail 1.D.) end the large sommler meedles (90-ail rim dismszer).
T™hase experiments lod to the dgvelopmeat of the Y-esedle thret-wvectorsbla
sodule, snd the ¢-emnmlar-seedle threst-vectorshls sodals. ..o semmlar
nesdle thrust vectoring (s discussed in a seperste sectios ea slit work,

The goal of incressing svecific impulse 2 1500 seconids ves mede
evea wore difficult by the simnltaneous thrwet vactorisg retuiremsst.
Since a 1000-eecond vectorabls sodule was developed and tested during
the preceding comtract, the }%-veedla moduls wes ot first proposud wsing
this samm geomatry. Through experimeatatiom with siagleo-moedis thrwet
vectoring arrsngemeats, several small but very importast ge cry chamges
were incorporated into the design. The resmliimg pecmetry (Figure 2-1B)
sadéc poesilkle long-tarm 1500-second operatiocm st kigher thrusts then hed
been previomsly attatined becsuse (1) the deflector: sluctrodes reduced the
fie!d at the peedles, theredy peruitting high vo'.tage operstiom; emd (2)
the deflector-extractor gecmetry prevenmted secomisry alesctrm benbardmsnt
of tha nsedls, tharedy elininsting tar bulldwp which has besm the sajor
cause of life test reflure amd performsncs degrade’ion. A recoud of the
s0re importsat experimsute smd the resulting design medifications s
Presented balow.

1.1 KUW 6904-0]1, PRILIMTRARY SINCILE-WKEDLE KXPERDEENY

This wes the first rum in which {t was pessidle to operste fex
extanded seriods at I-"c of 1500 secownds is ths thrvst wectorshle
configuration (Figure la.). Two earliar rwms temmissrted whea slectrom
enission from the extractor to the deflector slectredes bdecsme s predlem.
The canee of this emission wes polishing compcand saterisl left ia high
fialds regioms .< the underside of the extractor hele. The preblan wee
eilminated by carefully clasning these surfaces.
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Igure 1. Change iz Thrwst Vectoriag, Besdle-Extractor Ceamelry

During the 8 bowrs the rwa was wedar obee~vation, {t rsa very well,
A2 12.6 kv om the wwodis mmd deflectore amd ~1.29 kv om the extructor,
I~'- of 1600 seccmds, thrusts of 2.6 pld, end afficiemcies of 75T were
obtained. The bean wer 7ectored by adding and >udtractiag, reistive to
the nsedls potemtial, | kyv. This produced a total deflectiom of 8 degrees.
The ererinent vas laft to rws overnight (n the vectored mide. The mext
woraing the needle weas found to be sherted to the lese positive daflactor
bYorvraia of tar scommlstion. This rapid tar buildmp imdicsted a seed
for mere thereugh ifnwvestigatiom of ssedle-—def{lactor smd sxtTactor gecumtry
ia future experimmats. The rum preved that voltagee of 10 to ~ v cowld
h-ﬁ-mmﬂ.mprohcol”'-ofMmuoormuvh-th
daflec’or electrodus vere bissed symmtrically arownd the weedls sotemtial.
This relst ‘omship “etveun seedls sad duflactor alectrode voltages has dean
wsed in sll succesding teets.

¢ e -




2.2 TR §%04-03, 110 WOURS, 1300-SRCOW K”, ~ 3 p1b/¥EEDLE

Ia this expariment the wsedle amd deflactor electrodes were mewvsd
forward so that they ware sowoted {lush with tl, face of the extractor
plate. Tha beveled edge om the dowestrusm side of the extractor hels
was slimineted. I[ostead, tha top sud bottom edges of the 1/83 isch
sxtracior hole were rounded !ust slightly to eliminsta sbharp edges.
Pigure | shows the old and sew geommtry. The old geometry ves belisved
to ba ths major cause of tar formstiom eisce secomdary alectroms coming
from the baveled surfacs of the extractor bele wete able to strike che
osedla. This rus jomoastzated that changing the geometry as described
wor:1d eliminate tar formstiom. Daring )0 * urs of this rum, the asedle
wvag vectored up 1° aad dowae $°, AL other times, the needle daflector
electrodes were counectad te 8 commoa power supply to permit compariscm
with thie configursiionm and tha accel couf{geratiom {(withoot epltt
electrodes) used {un a 591-hour $~vwedle run, Mo. 69U3-01. (See Sectisa ¢
for a description of this run).

Ta th- uvevectored ande, the needle was kept at 11.7 kv and the
deflactor elactrodas at 121.6 kv. Pigure I shows ptodbe current versws
probe position as {t was mosed perpendicularly dowa through the beam. The
highaat curreat density (s om the periphery of the beam. This Dollow
bean bad & spread of ¢15°. Wims the needls amd deflector electrodes wers
coapectad tu 8 common powsT supply, tle baoe became wors waiform withie
tha 15° coms. Accurate probe éata of the cuter edges of the besm comld
sot bo obtualned becsuee, at the probes locatiom, the outer [imits
ascosded the 18-inch tasak digmctar. Time—of-flight dats {rom this ree
is recorded chromologically im Yable 2-1.

his v showed high !». and lowg-—tars weration ews posaible with
highar efficiencies and thrust tham had previcusly bies possible weing
the 0ld needls—extroctor geometry (withowt wictor electrodes). TPor this
rogscn, the desige was used im the Jo-eiedis sodule. The final wodul:
porformesce confirmed the resalts ocktsined s the «ingle-vesdls Zhrwst

vectoring sxparinemts.
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2.) EU¥ 6511-02, Y~-NPEDLE TRRUST VECTORIEC MOIULE

During the 1000-bour test, this sodule wes vectored either wp or
down for periods of wp to 200 hours {n duratiom. Figure 2 shows the
vectored besm !n three positions: up 7 degrees, dowa € degrees, amd
straight ca. The wectored-up and the usvectorsd p cturss rere taksm at
210 vours. The vectorsd—down picture was tekam ot 500 bours. The
aaximus sttainabla -mctoring duzing this teat wes spyroximstaly +10°.
Howewer, perfrmance &t these angles was too umstable to allow
pootographs to be taken.

During the first 930 bours of the rua there vas oo performsmce
degradation and caly after a catastrophi: vecum accideat at 933 Lours,
during which time half of one deflector slectrods wms buroved sway, did
any change occur in performance or thrust wectoring sbilicy. Iz sppesrs
that the deflector electrodaes proviied protactioma for the ueedlss from
electron bombardeert, as was shown ia the sarlier single nuadle tests.
Nthervwise, thire would have been tar bdbuildup and & drop {o performsace
as time prograssed. This prolection was also evidenced im the Syi-bour,
6—nesdls run. During the J6-tnewdle rtest, there wes rzlectrom saissicn
curreat, at times as high as 15 ysep, coeing from the extractor. The
Gflector electirodes adsorbed mcet of this curreat awd prevented the
electrons {roa polymerizing the propellant om the sesdles during the
run. Ou the debit side, thrust wectoring complicated mnduls fabrizatice.
The apacing betwesn the ceflector ewlectrode supports ad the axtractor
had 0 be locreased, but emiss{-n curreat stil]l btecsws 8 probles 28 a
film of material coated the extractor (SeczZiom 6). It i3 wary likaly
that bad a noe~vectorable geomstry, simiiar to that weed ta the 391-bowr,
6~canedle test, desm also used in this test, these cwrTemts wouwld wot
bave occurred.

The net resuit of these eaarlier expariments snd the (ife test was
that, while electrostatic thrust vectoring still bes csrtais prodlems
related to envirooment (f{.e., the slectron emiseiom cwrremts), tha
coucept 15 feasible and 20 vector besms through a total angle of at
lasst 1] Jdegreas (as vas doce in the lifs test) at 1"" in the 1400—to
1500-second range for periods of operatioca im excese of 1000 hevure.
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J. SINCIZ ZXEXS RESTANCH

Singls seedle reeeerch wae weed to imvestigats sew needls desipes,
study the effects of vacwum svstem oils om meedls walisbility, end
determine the performasce of varicws prupellamts. The research o pre—
pellants 1s discuseed (n Sectira 9. Vew meedla desigmn and the offect
of pump oils om seedle performence sre dilecwsead below.

3.1 SINGLE WZERE CIUMETRY ITUT NS

Two needle typee were studied: one wis &3 accel desiga derived frem
the thrust vectoriag geometry end the other wes s conical tengsties
noedla. (The term "eccel” demotes tha wee of =n rdditiocesl field redwcing
electrode srousd the needle to allow operstioca at higher met mccel. Tetiom
voltagee.) A sdditiomsl single oeedle experimesst with & sanddlasted rie
1e deacvided. The sccel design produced encaliest performsnce, bet the
tucigsten needle pecformed pooriy amd decame daily eroded dss to sleciro-
iytic etching. Sanddlasting hed me effect os performancs.

J.1.1 Agcel Cecmetry

3.1.1.1 imen?

Two rune were mede weiag s stamdard léwtl 0.0., afl [.D. ;latiswm
oeedla omto which & $)wmil 0.D., 3. =il I.D. stainless stesl (5.5.) tude
waa soldered. The tube wes solderad dirsctly te the amcdle bdacowse it
is sa sxpedieant wethod of carrying cwt experimsets {a threst vectoriag
geomatry that require the tube o be opersted st msedis potentials. The
otedls Tim was placed / wils delow the rim of the 5.5. tube in the first
cwm; {B the second rwa, the aredls vas placed I nils above the rim. I»
both rume, the $.5. twbes were sswated flmsh with the extracter euxface.
These rwes provided quentitative i{aforeatiss aa Yww aseiles should de
sousted relative to *ha $.5. tube, sed ou vXiing pheusmens ot Che
asedle tip dus to vecuwm systes comtaminemts.
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The firet run lasted eight howrs. BRecawse the needle vas mowstad
below the rim of the 3.3, tude, vory bigh voltages were required Co
aroduce & collofd beem. At 23 &v, & beam with & (/M) of oaly 2000
coul/xg could be produced.

e g P WP AR EIREGT ",

Yor the secomd rum, {n . "°r tO produce nigher fields, the needle
vae vlaced 2 mils out of the $.5. tube. Ia this poeiticm, a (a_/i) of 10‘
coul/kg could be produced at & = 0.65 x 10°° xg/sec, 13 kv aeedle voltagw,
and -3 kv on the extractor. The total operating time nn the seeils was
&0 bours (net counting the time erend 27 (-2) which included a contimucus
rur of 70 houts.

P e e

3.1.1.2 Extrector Ceometry

The pattarn oo the extractor due to doth charged and uncharged
particle bombardwant vas pariticularly inf :metive. It indicated thet
tha potential barriers producad by the tew sxtractor/deflector/nswdle
configuration could effectivaly protact the needls {rom sercndary electrom
Sombardeent, The sxtractor plate was 40 mils thick with & 1/8-1ach bole.
The needle tip was flush with tha extractor surfsce. It was felt that
with thig arrsngemsnt secondary elrxctrons from the axtrs..or would hawe
less iikelihood of striking the needle snd polymsrising the propellant.
The settern on the extractor, formed by the oasder:stiou of s {ilm of
unch pged peiticles, soe the removwel of this fi{lm o certais arsas by
the spultering actiom of poeitively charged particles, supported this
thesic. The (ilm costing extsnded c—ly 1/8 {och utwsrd from the edge
of tiwm extisctor hole. Outside this srea, the surfsce became clesn for
soother 1/ toch unvil the film gradually thickenad towards the outer
eagi of tho ex<ractor plate. The localized clean ares was interpreted
to Y@ th result of a correspondingly lovaliszed positive ion dombardasut
pattsrun. This indicaced that the {ield between the needla and extractor
! prevested charged particles from striking the regiom within 1/8 inch of
* the hole. Therstore, no s2COB ' sTY electrons were produced in this

critical region. The fact that no tar formed oca the needle supported
the hypothesis thet the electrons could no longer bombard the needle
tip.

- Gw— w— . .
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3.1.1.3 Acgel Pegformence

The moet isportant overall coeclusion 4revd from the experimsut wae
that stable, long-terwm, high I" operatiocn could ¥» ssintained with the
accel corfiguration shet the needle and tude vere sperated st the some
potentlll, (Rowerer, 1* nay be mor« desirsoly to o)erate the g ol
hizher potentiale tham the noedls to focws (he susm and 20 2lizisete ewy
Leem impingement oz the ‘"be.) This coafiserstios ase several sdvemtages.
The needle can de operated it such higher veltagos tham normslly wsed:
secondary electrons from the more positively bissod vector electrodes
cannot  resch the oeedle, and s strong bean focusing effect {4 prod--ced.

J.1.1.4 Coaclusicns

This ruc ruggested certain guidelines for ueedls extractor pesitioniag
aod the accel configuratioc:
1} TIhe extrac.or should sot da & tizdck plate with a deavelsd bole.
i) Tha needle should bde mounted ciose to, or f{ilush with, che
extractor plane.
}) In the accsl coanfiguration, it s desfradle 2o operste with the
accel slectrode at or abuve the needls potentisl.

These guidelines were further tested for validity 1o the 600-hour,
t-needls accel life test Bo. 6903-01 discuseed in Sectiom 6. The reculta
proved tha validity of these guidelines. The design of accel sesdls amd
axtractor gaomatiy based ou these guidalines {s showm ia Figurs 1).

3.1.2 Sandblasted Neeila Tip -KNeedle Foughnegs

A vingle platinum-tiridium seedle wes ssmdblasted vith fine slumipnwe
oxide ia an $.3. White industrial cbrasive wmit. A ooc-ceflectisg yray
watte {inish was produced. No gross operotismsl &Hifferc~cs Detween this
oeedle axd polirhed needles wvas observed. The iom curramt peck wes
slightly higher md the TOF slightly more ciatsve wpwards with the scend— ;
blasted veedle. More work wouid bs needsd to prove that these d1fferemces
are real. It isz thus possibdle that a aigh polish {2 not required, silthough
it would intuitively sppesr that surface rovgisess should be small
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compared to the dinsneions of a jet. Whes wetting prodleas evigc,
the hish Jegree of roughness night help 1o » wtatistical vay ia estad-

i1isding & uniform distridution of jete - a requirement for good eff{ciency.

Croes roughness would reduce efficlency dy producing varisticas ta surface
eleciric fleld intensitiee for the differvot emitting jats in edditiom to
poesibie low field channels through which the fluid could flow, thus
csusing lzarge engls operation or side tar forwetiom.

3.1.3 Zovipormental Pffecte_Studles cn Wettirg

Performance degradstion occurred during the 80-bour accel test.
The needle perforesd well withowt soticeable degradatiom the f{irst deoy
of oparation. Time-of-flight dacs isdicsted high I" perfosresnce with
good 2fficliency. The ceedle was left to idls overmight ai 10 kv with &
segative hesd pressure (I' < 1 yamp). The liquid nitrogem tiss wes kept
filled during this time. ““ea pressure and voltage were tiurned wp the
next wcrning, performance wes moC a8 good as thw previows day. Perfor-
sance continued to degrsde duriag the soruing, and the volzage wae
raised progreesively to 18 kv (at s cometant -) kv oca the extractor)
watil & saries of srce occurred, at which time the voltage ves reduced.
Imwediately aftervards, the performence was restorcd to the previous
day's level., The needls wee left to rwa over the wveekemd. From s chart
tecording of beam curremt at comstsat voltage and feed pressurs, it vee
found that performance did sot degrade during the following day and »
half. At the end of that time, the cold trap ram dry. Iz the worming
the (rap was filled, duz wlatever happened during the night gfter the trep
ram dcy csused, 3t firet, s drisf {uprovement and thea a coatinscous
decline {n parformence {Or the reet of ths rum sccording to TOY datas.
Sipce there wers DO tar depceits ot visidle filas o the needle, it wae
beliaved that the degradatios was cemeed by a decrease in the adilircy
of the propellsnt to wet the seedls tip during the pariod (o which the
cold trap ceased " functiom.

-12-
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The {tret pacformance degradatiom occurred during as 1dling period
(3erc feed pressure, reduced necdls woltage). A this time the mwais.3e
sust have recedud into the needle, expouiag the surfece to contaminamts
such as pump ofl. The following mwrning, sfter the {eed preseure smd
voltage had deen incressed, the currest started out lowsr them the
previous day and coatinued to drop watil ocsly 5 yemp cowld de achisved
at 1) kv because of the poor wetting of the pletinge ¢im by the glycetims.
¥y the tise the dischsrges bad occurred, md restored performencs, it wes
probadle that the trap uad been cold long enwagh to cleem up ¢ .e¢ costas—
inants within the system. Yor ithis rewsom, there wes ©0 parforasnoce
degradation during the next dsy snd a half wotil the trap rem dry, thoe
ailowing comtiminents to re—eniar the syetew. As 8 resulc, the currest
again dropped to 3 zamp et 13 kv,

In later experiments, operating needlss were delideratelr expceed
to various comtsminants. The contaminsnt thst had the most dramatic
effact was Dow-Coruing 704 silicone oll, which was the diffusion pwmp oil
used during the 80-bour test. I[o these experimsate, whem the cil wes
evaporated onto the needle, an {mwedists drop is /™ vas cbecerved. Thume,
it {s oot unressomable to bdelieve that the performance degraditiom during
the 80-bhour test occurted becsuse he chamber becams contsminited with
this oi]l whea the trap varwsd up.

Attempts were me'‘e to find s vetting agent that, vhem mized with
the glycerol, would allow the progellsmt * wet a thim film of silicome
diffusioo pump ofl. Tour saterials wers tested. Tweea 21, Tweem 80,
Alkaterge C and lecithin. Bome prodwced >ermanent wetting but all did
prosota wetting to some degree.

An experiment is vhich Octoil wes eveperated om sn opersting siogle
seedls produced the sems reewlts ss wers obtsimed with [ 704; 1.a., &
rodwctios of curresmt (at s fixed woltage) after axposing ths meedle to
a few movolayers of o0il. After cessatiom of the oi]l exposurs, sure them
an bour wa: [aquired “or partial recovery. Before axpoewre, the nsedls
had good wetting characteristics ss testad by curremt recowary to the
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origiral valua after a l0-second voltage-off. After exposvre to oil

and partial recovery, the current after a 10-secon: voltage—off period
vas close to normal becasuse the liguil had deen forced further ocut
the partislly ooo-wetting rim; however, within a {ew sinutes, the curreat
returnad to a lower value. This confu.ed a hope that ewitching the
diffusion-pump ofl to Octoil would reduce the watting prodblem and perhepe
eves eliminate the need for coutiBmuous liquid anitrogen trspping.

3.2 TUWCSTEN WEXDLIS

™o runs usin, tungsten needles ware sede. The first wss oparsted

with Csl a8 ths glycerol dopant; the secoad was operated vith the standard
Ral-glycerol solutica. In bdoth cases, the performence wvas poor and the
oeedles daisHw eroded.

A tungstea xirgle needle (Pigure 4) manufactured by the Precisiom
Revearch Corporation ves operatsd for 24 hours using s 3/10 wuixture of
Csl-glycerol as propellant. This same propellant has been used with
platinum needles and performed o8 wall (is short term tasts—no loag ters
tests have besn wade 89 yet) as the 3}/10 Nal-glycerol soluticn. Results
of the tuangsten nsed s tests wers 0ot wery encoursging, asschough ‘¢ (s
falt that a change in the needls geowstry will twprove periormance.
Rlectrolytic erceioca was spparemt after only 14 bours at relatively low
curreats (1-4 yamp). The low needle curreats were sppereatly the resslt
of low flields in the droplat forming reglom. This 1is {mferred from the
fact that time—of-flight data takem at 10 kv indicated low canarge-to-
wass ratios (~ 2000 coul/kg). The eroded area (Fi{gure 5) alsc
isdicated that the smitting regiom was coefined to em arsa somevhat dowa

inside the needla which, from ths geometry of the nesdla (Pigure 4),
should de a regiom of low fleld.

Additionsl tests were meds weing Nel-glycerol to comfirm the
suoceptibility of tungsten to slectrolytic stchimg. The tungstes
siedle was Tun for approximately 24 hours ueing a }/10 mixture of
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(a) 900 x Magnification of Tungstem Needle Tip
Showing Eroded Area Arcund Needle Hole .

(b) 1000 x Magnification of Tungsten Keedle Tip
{(Unsroded Needle) 4 M{1l Across, 1.5 Mil Hols

Yigure 5. Tuagsten Needle Tip
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Ral-glycerol. The opersting voltsges were kepl at approxisately

v. = 4.4 kv, 'u = 1.4 kv. The needle currmut fluctusted betwesa 2
aod SO ussperes. After operation {t was found thst the oeedle tip had
changed shape due to electrolytic erveiom.

The needls had been purpoeely elecirovetched ia an uou-uzo solutiom
prior to installation. The elactroetch hed several sffects om the
geometry: it produced s polished surface making 1t essier to detect srceios;
it increased the hole size to twice ite former dismester; it gave the Mols s
flared-out shspe similer to the standard neeuie design; and 1t produced @
narrower rounded rim. After the rum it vas fousd that {lattening mad
broedening of the rim were the sajor ercsiom chamges that occurred. This
erosion was such more gvenly spresd than {n the previous ruvn, but never-
thelass quite prevalent. The fact that one cam electroetch tungsten i
s tip—off that tungsten might be susceptil’'-~ to electrolytic eroe! 1.

The tunsscen needles erode too rapidly to de of practical use in a

colloid thruster.

An interesting aspect of this oeedls operatiom was that it was
vi-etable, alternating between a very low currest, low Q/M, efficient
mode and ~ery high Q/M, high currest (becsuse of s largs iou peak), inef-
ficient mode. Figure 6§ shows time—of-flight traces for thase two wodes.
The low current mode would generally shift into the high curreat sode
after a fev momsnts. The high curremt could gemerally be dropped back
to low valus dy a time-of-flight off pulse. These two modes were probably
caused by differeat stable watting positiome ocm the needle. These
positione could de caused by eithes geomstry effects or by surface cow-
tamination. In soy event, the low currest sods produced & very sarrow
beam while the high currest resulted in vider bass spread. Ia the past,
low curremt, low Q/M, carrow besms have besa camped by jets forued inside
the needle below the rim, while ths higher Q/X desms with greatsr spresd
come from the jets oo the -ims. A siailar sitwatiom poesibly occurved
hare, the low current sode being unstable dua to overfeeding, causiag
the msmiecus to grow and wventually wmoviig cut omto the rim.
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Figure 6.

3/10 Ral-glycervl
P = 20" Bg
Va = 4.4 kv
T = -1.% kv
Top Trace: Low curreat sode I‘E| e 2 yampse.
Scope set at 0.1 pamp/ca
sod 100 ye/cm
Bottom Trace: High curreat node I. -
17 pamp. Scope set st
1 pamp/cm and 10 ya/cn

vou and RHigh Currest Nodes—Tungeten Keedls
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A. NIUTRALIZATION

4.1 POTENTIAL DISTRIEUTTION OCTSIDE OF IMCIXE

A pegativa potential axists zdjmcent to ths nxtractor sven is
the presence of &« bemm, and s neutralizer placad at such & poeitiom
cannot enit alectrons (unless the beam nartislly stalls, | roduclng
a positive plasma which ralses the potential at the seutrslizer amd
extracts tha necessary electrons). We have calomiatewd thie sheeth
thickness (the distsnce fiom about l/é-ioch iu frows of the extrator
electroda to the plasma boundary) and coepared it wild erpariseetal

data from & movesble smissive pride.

4.1.1 Turory

Let 360 micrommperes be emitted frox = :&-ae'lo sryzy with a
specific impulse of 1000 secands, 75I efficiency, awi a IU~dagree
haif magle. PFurther, let the excess negaiive voltage epolied to the
extrac:or be 500 volts ({.e., if oegstive 1000 volts were necessar,
to prevent electrou tunneling, then -1500 wolte is applied). Tha
positive chrrge density withio the shesth wvhich is responsibdls for
the potential focrease from ~500 volts to the plases potsmtial at

1aro wlts 1s estimated from tha linear charge demsity p. - _U_Z__i -

2.7 x w“s coul/meter, aod an cverage sres thiough which tbclt/:a:
passas of 1.5 x 1077 #2 (1-1/2 {n. square), to be 2.7 x 10 /1.5 x 1077
1.8 x 10-—5 coulll(l. Poissocu's equation (dE/dx = alto) predicts a
parzbolic potentisi disrtributiou within the shesth of the torm

AV = 1/2 o/to (Ax)2 wvhere AL i{s the sheath thickeess and AV is the

SO0 volts acroes the sheath. Then, in the sampls case,

A= (2x500x "85 x 10/1.8 210782 2.2 5 107 metar or a
little less tham oce inch. e shall see that the sheath distzuce, as
axpetimencally datermined, was about this dimensiom. An exposed
neurralizer close to the besm edges would have to be placed approximstely
1l inch in frout of ths engine. For a single modcls ~ith no undwe amount
of negative axtractor beyond the needles and & growsd shield .rcweem
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the neutraliser and ooth the edgs of the Daaw sad the extracior, the
soutralisor cosld be closer to the wagise. [lectrose thas sowld W
amitted outward, losp sroumd awmd jols the bewm Ye,ved the sheath

4.1.1.1 Plawma Potential

—

Tha emall poteacial variatios vitais thé plasess 1s goveroed by
the positive c.args diatridbution snd the electrom tempersiwe. This
(empersiure and the resooe for it are wacertais, [t is likely cowsed
by the energy of the nautralizing electroms, which (o spsce (8 poversad
by the perveancs dstwemn the newtrailzer sad the deem, and might de
squivalent to sdout 10 wolte (100,000°K). [a & ground teet oystem with
e azuiraliser where sll the partizles etrike & surface st & 2ingls
potentisl, the temperature wight be ouly sbuwt & volt, comedi 3y the
anetgy of 1he secomdariss. If the beaw strikes surfacoe st two
potectizls, ths tempersture is mech grestar —~ csused by tde energy of
the secoddaries cwing f7oR 5 more aegr’ive alectroda.

Ixpreseing the tamspersture of the ealectirons ss a w'cags 'T’ ol

assuming equilidrius, theo % ~o, = nov"v‘!.

$c the potemzisal datween two polars of positive charge density &
-md 2, ie AV = 12 al/nz. 7or example, three fines furthsr dowa the
beam, where the charge densiiy hes dropped by a decads, the wltage is
.} 'T wre segstive. This ({e’'t sccalarates positive ioms craated
vithin the desa, sway {rom the emgine. If they wire directed towards
the emgine, they would de further acceliersted scross ™+ sheath emd
couse severs tar prodblems. Counversely, ssgative ioos (or a.. sched
slectroms) are sccalaratsd towerds the engise dat downce off the sheath

wl 0 v.ecirves).

4.1.2 Dxperimsmtal] Probing of Potentias]

Aa emissive probe (small hair piam of fine tungstem wvire bested to
thermionic exissiow) was used to semee the potemtial within the sheathd
rd plasme of a3 Jo-seedle moduls operating at 30 micromsperes. By
Mmating vith 1/I vewe AL amd viawi g the incildemce of & mmsll misstly
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currem? durirg the petiod of o0 bestisg curveat va ss cecilloscope, the
pozentisl could dbe detsrmined to withis ebout 0.1 wolz. The shesta
distence s found to be closa to 1 tach frum the extractor slectirode.
This sheath distamce incressed vith an iscreese of asgstive extiractor
voltige, or decresse ot curreat, or iacrease of specific imgulse and
ressined the same vith a pruseurs chamge. 4All of this 1s s eccord
with theory.

The plasss potential asd {ts large variation vbhem the besm Wit
both & wall at 3ero volts and a screcm at plus )0 volts well (llustrsted
the high alectrom temperaturs that reswltsr vhse “bot" eslectrome srs
electad 1nto the plasms. ("Chembder” ceutralizsticc was being weed vith j
oo thermiocaic seutralizer.) Vhen the ¢)0 wits wes remeoved, the plosma
potemtial dropped from s value that variad aiowmd +27 volte te a8 wry

seasly ccastant +1.30 volts.

Tiwse resvits sre {llusirated lma Figure 7. Ia this fastamce s '
tloating collector is sssumad At poeitive 15 welts with respact o & isre .
volt peutralizer fiismeat. This floating poCemtisal wowld be greeter
1! the {i{lament were farther {rom the edge of the beas or mOTe extemsive
shialiing were employed. 2 am eslectrom diode with as sise equal 10 the
specing squared orf whem rapid dilacios 1is poseidls, the currvest is sbowt
1.) aficrommpares x VJ/Z or M0 uicioemperse st sbowt 18 wolts. A cwrreat
of electroms sxactly egual to the joeitive bomm currest ficws to the
{loating collector koeplng the woltage coustami. The electroms that
provide the sxect espsce—charge vestralisatios st all peiats witlis the
bemm are irspped vithin a doumdary that i{s evurywhsre wore dega.ive thas
the plasms potentisl. I this lasboratory sftwstion theee slectroms have
30 aet drift velocity, et a high ramdos walecity. These ste the alactrome
that are (n thermal equilibriue with each othar (bet met with the jome)
and eetsblish the potemtials witi’a the plasms. Very cold slectrome
would #ll flow to smy pnint that wes even a f{ew aillivoite awre pesitive
than the rest snd would msincain a very wmifors potesmtial.
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TPigure 7. Potastisl Distridbutios Throwghewt The
Pacility Derisg Rewtializatiom VWith A Floatimg Co!lscter
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The iach-vide sbuath whose poteamtial 15 esgative se thel ne
electroas from the plasse can pemetrats It is showa. [f this sheath
we e much vider becowes of, for enample, lens curreat demsity, ths
aesutraliszser would be subjected to lese positive potential and the
plasma o4 {loeting potemcial would heve to rise to stiract the

necessery alectrom current.

4.1.) Potential Distriduticn Around the Nesdlee

The shaath wes proded uwp to & distance sbowt Malfvay froe the
plasma tc the thruster. Thae potential distribdut. a outside thees arwas,
i.e,, around the saddle point and the needlas se showm {n Vigure 8§, is
a0 spproximatiom since oo alectrolytic tsmk or computer wvay used. YThe
saia uncertainty {s the potesactial snd poeition of the saddle soimt. THe
priamtials towards the plasma follow from the parsholic distribestine amd
the sear—-plamar boundariss.

A skatch of this type 1s a great aid 1a viswslizing the chearged
particla trajectorise originating et ver' ° pointe withia the space
beyood the needlas. TFor sxsaple, am slectiron-iom pair created sz rest
at point A by (ntersction of a comstituent of the beam with s gae
molecule will bave the slectrom dirscted at the interior of the weedls
&t ahown by tha lotted lins amd will eccelarste ths ice hamlesely
tovards the collector. 1If, bowewsr, s simtlar pair {8 creeted deyouwd
tha saddle point (the woet negative poimt (n f{roar of the oeedia) of
point B, the {om s sccalersted towstd the eugines while the alectrom is
directed to the collector. This i{a the cauwse of the axtrfactor csrreat
that incresses with pressure. These ifooe ale deflacted swey frum the
rowad equipotestials surroumding the needls smd stTiks the extractor
slectrods. If the deflecting potemtial is larger {as whea deflectorw
are used) the joms migat hasmlessly ctridke the outar {lat swurface of the
sxtractor amd the resulting eecomdary eleciroos that are libsrated pgo
to the collector (making s nagative umidrshoct om the TOF). Vhes the
iose strika the rounded povtion of the extractor apertwre, tsr preducing
alectrons can dbowbard the critical rim sres of the seedle. The:w might
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2l30 bo pegrtive fows ejected which, if tar fc-metice {3 mot toe foX
sdvenced, cap clesa tdo tip.  Dere has beso mwch axperimsntal wvidoace
of this. The needles oftem cypoar clasmer thom owrrowading elactrodae
which have the same {actdemt efflux .’ waterial fros the collector.
Microscopic exmmination has showa that srosiom of the platisum s
greatsst whers the propellant bas pot watted.

4.1 NRUTRALIZIR ! XTECH SOURCE

The clectrom e avre L.at supply am electrom currest equal to the
positive beum current s 8 poweT @pesditure lase tham that esded te
producs the thruei. 20T should be m upper Limit with lses thes 10X
haing a desirable goal. For low thrust ( ~100 sicropounds) eaginee
spersting a2 sbout 400 microemperes and 10 kilowelts (4 watts), the
pewtralizar would have to produce 0.4 millismpare with 0.8 to 0.3 sad
‘use watts., This ceomot de achisved from & tusgstea filomemt with
10,007 hoars of lifu. (It cam be achieved by a tungsten filamemt with
a life 12 excess of 2,000 hours. Also, s 10,000-hour tusgstea f1{lsmmmt
com swpply <« milliamperes at ) watts sod 20 cam meet the powmr require--

mant of iarxer engines or ones operstiag subetasti:lly above 10 kilovolts.)

These goals can vasily and simply be achioved by s beriumoxide costod

filament with 10,000-hour lifea (in epece). This sonrce will have redeced
11fe vhean used in grownd testing staciome, camwot “: rewsed after testing,

sod sust wae ststistical esthods for sseuring relisble, loag-lived
oporetican vhen first pet 1im oparstios {n spacs.

Kfforts during this program wers direc:isd tewmids developiang the
moet aff{cient tungsten f{ilsssat (slthowgh adeittedly of poorer
efficiency or swotisi life tham dasired) for grows' testiag colloid

angicce amd studying the chemical interactiom with materials encowstsred

im the teeting faciiity. Alse, wperisace ves zaimed testiag & type
of Yariu cathodc less efficlest tham the oxide coatod filameat et
more Tugged snd less savsitive to poisoming in the tessting chambaers—
the bertam imprognated cathods.
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4.2.1 Tungrten Baitters

The ealssion efficiency (Ra/watt) iacrsases vith temperstwre amd
1s about 0.3% sa/watt at 2300°K., The emiseiom current demsicy ie &0
mlc-2 at this temperaturs eo & currmmt of caly 1 ms equirss s short,
thia wiie. At this temparaturs 1/16 wil of tungstem is evepor ! from
the esurface ia 13,000 hours - the sxizum soowat thst a 2-mil-dismater
vire con de reduced without failure. A l-iach long, 0.002-imch
disgater tungeten wire at 2)00°K will have a life of 10,000 bowrs, will
it 2 me f7om an sctive lengzh of about 1.9 om which will radiate
2.4 watts, emnd allowing 0.6 watt for th~ two end loeses, will require
sbout 3} wvetts. The gotsrous 0.6 watt ead-loes sseumption (soewhat
juatified by experiment) dsars heavily om the reasom why am sfficimmi
tengstes amitter commot bo conetructad for lase them 1 watt power
aposditcre.

Since the eveporatioa rate of tungscea goes ae the 1.63 powar of
the elactron emissicn, the life tasting of 2 fllsment cam be accurmtely

wralarsted. If tha exission {8 increased by a faczor of 10, sad thw
fileswat lsste 230 hours, 1to life st rated emiseicm currems wowid bo
250 » (10)1'” « 11,250 hours. 30 &9 not ¢~ degrede the 1ifs of &

filomeni, the desigo current wust not be oxcsedsd by wots chan abowt 33.

4.2.2 Oxide—Costed Filament

Although the presant ressarch has o022 bsae luvolved vith tkis cype
of cathode, it is recomendsd that {2 e comsiderwd for spacs spplicstisa,
axpeocially 1f a msall (<) ald) thrweter is comeldered. Also, since the
affictancy, lifs and reilability ere sxtremely sausilive o .28 ccmtrol of
trace impurities {n the waterials wed, it s recomsxadsd that the
exittass Do purchasud (rom 3 reputsble seppliar. Tha thrustar sssafactyswr?
wouid test tha cmiticrs separstely foxr 1ifs 1a e high vacws: sad aleo in
poaitiom on the cpearating engiss to delemine per esocs.

The muitter would comsiat of & wirm ehout ! tach long and 0.003 (nch
diamarer of syecial alloy ¢f aickel oy platiawum with Traca reducing

metaviais i »olutica coatasd with & beriuestsonlluw-~cainiws cardbovate
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nix in a nitroceliulose bdinder. The emittar in this cosditiom would
ba qui « rugged snd woull vithstand exposure to stwoephsric coaditioms.
Upou hearing in space, betore the colicid engine {a turued om, the
biader would first evaporate and theu the cardbosste would decompocs
(liderazing coz) to the oxide. During t'w life of the cathode, trace
metariels wuld diffuse to the sstal-oxils interfacs and prodecs fres
baritm, which keeps the cathcde active. (wo disedvant: <8 of thie
cathode over the tungsten filement acs the poseidle ssed for higher
initie]l powar to activats ani the lack of a presictadls relatiomehip
betvesn ruission current &nd heater current. With twngstea, 1f the
beeter currant {s right, emissiou cspability mwet be right. With the
cuide cathode, if the hoater current ia right, the emission might bs
sur2> ot insufficlant because of poisoaics or lack of act!-ristiom or
deplation of barium.

4.2.3 lmpregunated Cathode

la-ir-Ca—A.IzO) is meltad {oro tha pores of & porous tuogstam disc
swvaged into 8 molybdemm cylinder snclosing a ‘wetsr This cathode cem
stsnd mors sbuse than the vxide catbode. It cg) be expoesd to -aist
air for extmded times «. ~ after use with valy iemporary degr .detiom of
smission. As with any indiroctly basted cathode, the axcell« i powsr
efficlency possible from the emissivas material alome iu degivded by the
incressed area of the nouective side walls and the radismt [‘ower loet
out the back from the botter haatsr. Carsful radistion shialding amd
potting the heater bhelpe, dut it is still difficule .o reduce the
basting powar below 1 waitt. A standard "buttoa®™ crthode of sbout 1'8
nch diaseter with reasomabls brat shiclding thet wes wssd reguired sbost

S warts, but had a huge emissica capabiiity (+ 100 as).
4.3 ELKIPYRINYWTAL TESTS, 5S91-BOU WM

Previcus tests had established the lomg 1ife of & tumgstes filame-t
in a high vaciam, und its adequacy as s newtralisear for a cellold engine.
Trowbls had besn experismced with leterioratiom by products from the
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tolleid sngine. Tharefors, the aoeutraliser rus during woet of the
3%1-hour life tesz (Rum §903~01) comsisted ok 2 C.6 lach length of
0.002 iach tungst( wirs complataly enclosed (m s emall alusipwa box
axcapt for 2 emall slit aperture lookimg at tho side of the bean. THe
purpoea of this srrmngensnt was to completely shield the (1ilement

from direct i{mpicgement from either the scurce or collactor.

T owutralizer vec dsated by a S0-percesz duty cycle l-ke squere
wave, Perforusice dets wves pecriodically recorded st 350, 100 and 150
yamgares. Betveen readings, the deater powsr wes edjusted to 3ive
100 pampures wmissioe curvemt.

Figure 9 shows perforsance as & fuactio: of oparsting tise
(472.4 bours total). There i{s a discontimaity is the curves dte to a
veicom accidenit at 200 hours. A temporary power {ailure csused the
Misdgats to cloee ead the meutralizer remained ow ss the chsmbar presgsers
roec i wall over the 10.s torr ramgs for epprosimatesly 90 misutes.

The filivenr, whick had become quita Prittle, droke in hmdling
durisg poot-iast removal. TFigurse 10 iz a pbotograph of the {ilsmeat
telem aftor the test, (s which te ef’ectz of coasidarsble grainm growth
of fset cam be obearved. As X-vay diftractica scem indicated thet com-
stderabls ¥,C bad dean formed. Thare wee 20 observsbdle decruase ia
filment diamster.

The {{lament het been suspendad batweem two anicksl cupport poets
in a slightly stressed comfiguratica o allow for therwmal ex,.ameiom.
Ividently, as Figure 10 findicates, this te~hmique did 2ot work well.
Subsequent filaseats employ s dowed or spirsl ff{lameat configurscios.

Figure 9 sbhowse that the resistsncs at coustant smissica curreat
{eittaily increased with time sad them dropped to a much lower vaive
after the vacmm sccideat. This 1is believed to have resilted from
filement deing carburized by tharmal decospoeition of tacidear glycarsi.
This has a two-fold effect im that the carbide has & highar resiacivity
them purs tungstem sand, in sddiziom, the carbide’'s higher work fuectiom
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requires a higher operating tewpersture and, hemce, higher resistivity
for a given emiacica current. Oxygen exposurs during the vacuus
accident removed ths carboa at the f{{lament surface, reducing the work

function to that of pure tungsten. The resistivity wes still higher
thau ot the beginning of the test since the filament interior wes still
partly carburized. As the test proceeded, the res{stance contiouved to
rise again as both the surfzce and interior were further carburized. The
graphs suggeat that a steaady-state equiliibriim wos baing approeched.
Canfortunately, the test duration ves oot adequate to definitely estsblich !
the existence of a horizocatal asymptote.

-———

The power varsus time curves are sore difficult to explaia. The fect
that lower power wvas required at the ead of the test tham duriang the early
stages iz balieved due to the lower thermal conductivity of the carbide
sl -e, for short filsmeuts, end losses are a large part of the power bud-
get. Quantitative calculat’ -us need to be performed, however, to comfira
this explenstiou. The initial drop-off in powar at the begloming of the
teet 1s woet likesly due to tha delsy time in sttaining thermel eguilibrius
of the suppor? structure sund to {nitial changes in surface emissivity and
work functiom.

4.4 CARBURIZATION

Studies of the cardiding of tungsten tilaments in a system with sa

opersting colloid sngine have showm the following:

1) Glycerol tis smitted from the veedle tip normal to the rhrust
direction.

2) A large fraction of the cardbiding materials is ccodensed by
li{quid anitrogesn.

}) Bigh temparstures md low hydrocarboa arrival rates will
evaporate the cracked carbon and msintain the cemtral part
of the filamemt carbide free. However, there are always
cocler regions near the support that will carbidae.

4) \hen operatiung in oxygen, the carbon i{s very efficiectly

removed ss carbon momaxids.
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™ first poiat ves estabilshed Dy operstiag two {ilamasts very
close to sm operscing etlagle asedie. C(we f{lammeet hed its sxis poisted
8t the seedle rin smd the other had 1ts eurface aormal t: the needle
ria. Both filsweuts were owt of the beam. The filamuat vhooe surfeces
{aced the naedls t1p shoved a rtesistamce increase of 0.)5I per hour
while the other [1lsmeat {axis towards the nesdls and hemce procected
from glycarol from the neadle) chowed e resistamce incresss. A latsr
experiment with the eetraace of sm iomizatioe gage close to the side of
e Jo—oeedle module failed to fiad o trace of glycerol ejocted 90° fram
the axis of the meedls.

This experissmt and later onee comfirmes definitely thst bigher
tesperatures v .1 reduce the carbiding rste, due preswmally to the
sveporactiom of the crecked cardbon. The vapor preseurs of carves (rom
grashite 18 107 corr et 2150°K snd 10~ torr at 2000°X; bowever. the
adsorption energy ia moat likely higher for tungstes sad twagstem
csrdide. In light of t + axperimentsl evidence, snd these lLarge vepor
preseures st eleactron emitting temperstures, {t seemes safe to ssowe
svsporation. The carbom uight migrate dowa to s slijhtly cooler
cardided tegiom where it might them eveporats.

The sext experimsnt wvee designed to find out how euch of the
cardiding ges was condenseble of ligquid mnitrogea tempersture. A filsmsat
wes mounted in 8 copper emclosure tha couli be coaled. The vacumm
resulting from s eingle opersting seedle was degraded >y reducing tiaw
puspiag speed of the cywtam. wheo the carbidiag rate wvas eetablished,
ths enclosure wes cooled. The carbiding rate stopped. This imdicated
thet the arrival rate of hydrocarboas dropyed below the carbom svapore-
tice rate or the tate that oxygem (due to megligid'y smell leak) or
lzo evolving from the imsmlstors would remove the carbom. it was (eared
that methane or other umtrapped gases gensrated st the collsctor would
producs sn sxcessive carbiding eves vhau the filameac vas completely

trapped.
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The sext experimeat was perfornsd {x the large tsak witd s
eighteen oeedle arrav. T™ha {1lemen wes 12 am encloer w with o eim;le
sparture that cowld face diffarest poitions of the teak incluiing
completely trapped regione outside the liguid aitrogen shrowde. This
expariment confirwed sil previous hypochesss. Carbiding roatee corres~
poaded to rusistsmce {ncresses of adout il per bowr ot indicestod preseures
of adout ) = 10". This was st low tamperstuces (o preveat sveporstion
of carbon). when facing complately trepped regicas, t(he carbidisg rate
dropped to 0.22 per hour at iow temperstures of sbout 1500°K. This smnil
finite carbiding rite was due to moa-coudenssbie gasees suck s methane
and ethanea.

An opportunity was tskaa durimg this test to comfire qusatitatively
& previocus otservetise: the very rapis coaversiom back to purs tumgstea
by cxvgen (or water vapor) of s carbided {1lassut. This wvas dows end o
calculation showed that 100X of tha oxyges wolecules tiaat struck the
filamecc, stuk (siicking coaffictant = 1.0, sot 0.0) s ou purs tumgscem)
and removed two carbos atoms (ZCOOZ-K‘O). fresiag four tungotes stome to
return to mstallic tuagsten (Zilz(' « AW +2C).

These axperiments wvere performed to prove that & (esgeten mewtraliser
shislded from the merdles amd operstimg 1u speces would act have s carbiding
problem, end, further, to provide techaiques for cometructing s twsgstes wire
seutraliser that could be wsed for gruwnd tank rests that could survive for
loog durstioma. We feel thess jerimeats Yave adequstely aneweted these

questions.

4.0.1 Cooled Cyg

Yor & timm thu pressace of vom-cosdsassble hydrocarbom gases much
o0 ethane was ot knowa, #0 attempts were .ade to design guse wilising
directly heated tungsten filements that would allow complete shielding
by liquid aitrogen cooled wall from che engise aadd beam. Sisce them,
msasurement vith a mass spectrowster has identified such gases (methame
and ethane). Therefore, soma other method must be used whem a tungetes
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{{loment neutraliszer {s ocperated in g ground teeting facility. Owme of
the 2arly configutations thet wves davised prior to obtsialng thise
koowledge (s showm ta Figire 11, This deseign took sivemtage of the
vecwm system cold vells needed to maintain vecwmm duriag colloid lifo
testing. The electrous vere attracted iaco the besw %y & large
cyiindrical stwde placed detvoen the beem and the filaweat. Tlactroms
were prevented {rom strilking the anoda by tnterpoeily o planer stcip of
uica that charged to the exact potsntial of che filumeut cppoeite (t.

{9 eliminated ths dothersome effects of the volts;+ gradient acrose
the engine, beam, or collector wvhem mowsted in the ;nsitioce showe (s
Figure i1l WVhen the filament is heated by AC as it wust be to prevest
migration of tungsten atoms and liie reductice, thw mica vill o loager
ba se effective. Also, tia cacessity of am extras polsntial {s » eericus
disadvmatage.

Ty ueTon
T,;lvﬁl|¥lf

T
\
\
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figure 11. Sketch of Shislded Reutreliser C:m (A) end Pocition in Temk (B)
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4.4.2 Scheme (o Prevent Carbidias

Carburisaetioe is essily detectadls by & tueistamce imcrndse. I
the sxperimewuts with carburisatiom, rate-of-rusistamce {(scromee of
0.1 to 4 percuat por hour were uasily sesomred. Detectiag tim elimtsstiom
of this incresse or its reversal iz & simple metter. 4 echwry: thet hao
been very successfully tesied to eliminetes this carbiding is t) istrodwce
~ wmsll laak of oxygem. Tha pertisl presewse o' oxyges nesdnd Lis wewslly
less tham 10T of the total pressure is the eystes ond oo Mas wegligible
effect on other aspects of the ocogine's operstioa. It Ls scremgly felt
that quite a vide range of oxygen partial preseure will prevast carbide
formatiom without *ungsten mess iose by velstilizatioe of ED’. Surfaca
aigration of carbow atome end the wairy stickiag coefficleat of exy,.e
om tungeten carbide in conjunctiom with omly s 0.0) stickimg coefficieme
on ciesn tungsten should allow & swch loeger life tungstam filsssmt in a
veriable combdination of oxygen snd bydrocsrbom gas thas i{s a sasll part
of aither gas slone. This hypothesis Bas K besw treted, bat whaa Chis
schame was used for 950 hours om tha ccllatd wicrothruster experimest,
the resistance change vas abdout 31 for mot too criticsl so oxygem adjust-
mseat. This 3% was prodably true evaperstiocs.

The filament would de pleced dehind & shield to prevest possidle
efflur of material from the sagine or boam. The collactor vould be se
far svay &8s poesidla. Diffusiom pumpe of g1 high & speed sa feesible
would be used to reduce mathame sad liquid anitroges cooled wells woed
to reducs the condemsidles. Then, oxyges wos';: ba used to eliminate the
residual carbiding rate. This would sllow the twngstum filsent newtrsli-

sears t0 be placed om t:e eagisme as they womld be in space and tested ia
s ground test facilicy.

4.3 LIFK TESTS VITE DECINE

Two asutralisers were installed is the kiga pumping spee’ eystwm
with the j-veedle wvectorable modules. Ona was 2 3.8 imch spirsl of
0.002 inch tungsten carefully mounted parsllel to & plame electrods
placed 3/4 trch ta fruat of and to the aide of the modula. The relative
arrsmgesent was such that the entire strwcturs wis just outsije the sdge
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of the besmn. The plame elactride shisldad the filamsmt from loeking
digaztly at the meedles. The electrods vas commected to one uide of

the fllamnent. This successfully noutializud 2 O—uicroempers besn
vheon the filamset wvas 50 volts positive with respect 20 the plases.
Because of the electron drain prodlams with the emgine, and the clavet
daily reacval of the module, little time vee sccumuiasted ocm the fili esc
and 1t wves sccidemtally destrouyed.

Aa impregoated cstbode wvas slsc ia the system. It vee ¢ larger-cham—
sscessary, higher power umit that wee crdered off-the-shelf while
swaiting smaller uaits that wers bein; ‘asbricated. It wes coasidered
semdatory to quickly datermine {f impregmated csthodes were compotible
with 8 hydrocardon atmospbere. It ves expected that a low oydrocarboa
partial pressure wuld oot carbida the cathode dut would creck os the
surface and tveduce the aluminate, cassing 4 very active csathode buk ome
with & reduced life. Tt wos further fel® that this was a ve.) tolerable
solutiom to any engineer’'s demend that the sawe meutzalizer be tested
with the eagine, then be stored ia dumid air, snd thes de launched snd
hewvn & satisfactory lifs in epece. This would de because testing,
although ruducing the life of the csthode from, for example, 12,000
hoers to 300 hours, would we 202 of the material in & 1CO0-dour test,
still lseving 10,000 hours ubem oparated is bydrocarbon-free spece. The
teats with the colloid engize did prove that mo poisoming occurred, bet
the tests wars too short to lwdicate smy life reductica. This cethode,
too, was carelessly dmmsged and wes ot svailable during the loager rume.
Two smaller impregnatad cathodss arrived from t'w vendar. One wves
sowated in ¢ close-spaced gum efrwcturs where the elzctroms are sccel-
arated through a bigh trsasmissiom ~hoto etchad grid. This gum, shows
ia Figure !2, has sot yet been tssted. It 15 cxpected to have wore thes
1 mtllismpere capability with lees thes 1 watt faput powsr.




Pigure 12.
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Trount View

Photographs of the Small Ilmpregnated Cathode Cum Structwre.
The Cathode {a 0.033 Inch Ia Dimmeter.
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4.0 WIGR VACTUR LIFE TEST

M comligy fom that had bees plommed for u life tast with e
cagise vas placed 18 on icu-pumped higk vacwum eystam. It weo rwa for
1300 homre at over 0.500 e emissicn curtemt at 1.45 waetts with a barely
perceprirle resiatance increass of aboet 0.42. This sives & projectsd
14fe of 30,000 hours dased o sm end life st 12X revistance (zcreasse.

Ax 1300 hours, :be filamtut wad changed to 1.9 waits, giving € se of

omi.eice .od sm accelsrated life test. It 13 expected to have a life ot
1300 bours. AL 2 ma it takes 1.65 wattu snd would he o life of 10,000
hours; et 4 sa 1t takeos 1.7% watts and would have a 1lite of 3,000 bours.
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3. COLLOLD FEED SYSTIM
S.1 INTRODUCTION

The objective of this phase of the prograe wes to develop s feed syntem
for colloid (ruatere that does not require & propellsmt flow ccatrol velwe.
1re {eed systew wvas toc bde & positive expulsion type which suppliee propellamt
to the thrusters at a nominki op-rating pressurv of 0.50 peis. Ia the shbesacs
of tha flow control valve, the feed syscem wuet howe tha capability of
moculating tha pressure for ON—OFF thruster operatioa. Durieg periode of
thruster operstice, the fead syctem supplies propeilant at the nominal opare—
ting pressure level; lYowwrer, vhen the threaters are off, the propellmt
pressure must be reduced to 8 level aquil o or less than the surface tomsica
retaining pressurc developed by the propellamt in the thruster needias. AL
this presosure lewvel 0o propellant is expellad from the nvedles woem the thrustar
poteantisl (s off. .c is also desirable for the feed prassure to de {.dependeny
of hoth the amount of propellant expelied snd the preveiliang sabisar itempera-
ture. The design requirewent thst the feed system meintain & 2light, nom-zero
presasure ou tha propellant duriny no flow conditions wes impoaed to preclsde
nubble forwstion within the stored propullant. Void formatioa cowld occur
after provallant {s axpelled from ths svyetem i{f the stotage weesel (s nof
resira‘ned from returning to its original volume during gero pressurc OF '
operatica. This was Jeslired in order to avoi{d the poasidility uf wolds pre-
senting gas bubdle nucieatioe points caused by residual no voudexsible materiaj
dissolved in the nropellant.

The ooninal volume of prupellant sicred in the feed systern 1 to be
VG40 cc {12.4 15). This repressuts a total i{mpulse of 18,907 1lb-ser at
13C0 seconds specific impulse, equivales¢ to spproxims’aly 10,000 hours
operation at a 500 uld thrust level. The fiasl system, however, had com~
sideradbly snre volume to allow tha mapufaciumnr te use existing tooliug.
This rer lted {n a considerabis coet savings. All materials in cuntact
wvith the piopellant ware to be mstal. The wetals to by salaciéd were thoes
demonstrating cowpatability with tha propallant. No orgsnic weterials were
allowed to coutact the propellani. This regquirement wus estallished to
eliminate the potantial both for ocutgassing (nto the propellant of absorbed
gus2s sad for propellant codtmmination csused by reactions vaeultiag from

long-tare contact with an organic materia:.
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Az ovetall opereting tewpersture radge.ef 10" ta M°C wis aatadlisned
for the ised systew. This temyperature reags {s charactevistic of thst

encountsred on operationai spececreft. .
3.1 SYSTIM DESICH

™ schepatic diagram, Figure 1), 2howe ths basic fee] syrtem sclacted
t2 wwet the program objective and requiremsats. Tho esyster coasista of n
propellant storage wvessel, a pressuriziog devics, s proscura roatrel system,
a filter and 8 squid vaive for system isolatiom prior ¢o operstioma.
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Figure 1). Colloid Thiuetar feed System
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$5.2.1 Propellant Storsge Vessal

Bacause of "ha propellant volums and msterizls limitalion refuirsasmts,
s wetal bellows wves selacted as the propsllaat storege vesssl. The
propellant i stored inside of the dallows to schieve maxizmum expulzise
afficiency. With this configuration, the dellows comvolutions expard whee
fille: and collapse as propeilaat (s axpelled. At complate expulsiceu,
residual propeilant in the coavolution sectica of the ballows Lz niaimized.
1f propellant grorage ware 2xterior to the bellows, the dellowws wouid ke
comprecsei vhen the system was filled. Ao sropellamt wee axpailad, the
bellows coavolutions would -*parsts, this decrsasing tha exp~leios efiiciemcy.

The bellows i{s coafined in a3 hermsticalily sealed dousing oo that the
propellant caa be pressurized Ly « gas.

3.2.2 Propellant Pressurixation

The pressurixation mechaniss selected for the feed synteam utilizes the
#quilidriua pressire czsaoclatel with en sdsorbei vepor oa s aclid surfaca.
This typs of prsasurization coucept is similar o that of a wolatiln liqaid
or 20lid (a which Lhe vapor phess of the gubstance provides the w«rikisg
fluld. 1In both the adsorbed or volatile fluid syystems, the pressure exsried
Sr the vapor rhase (s a {unctiom of the condensed phrse temperature. Thus,
for Motk sys_ ems, {t 18 vacessary to hawe a region of coutyolled tempar. urse
to schieve pressurs coafrul. A wolatile fluid syetem requices the tempsrs ~
ture of the conirollad areato be lower than the wminimsm anticipeted throuah-
out the entire pressurant storage volume. This is o svoid condensatioo of
the workiag fluild {n other cold spots which would result in loes of pressure
control, This coquires sither heating tha entire sywiew relative 20 ity savi-
ouewnl or using refrigeratioe for local cold gpot coutrol. The adscibed
vapor system does not hawe this llwicstion since {t {s sow pesaidle for rthe
zacarial on which the vapor is sdscrded to be :mintained st » tewpersturs
above the surrounding pressurant atorage volrmw. The adsorbent saterial
tamparature, aod therefors ‘ropallant fesd presaure coatvul, can de mein—
tained vith a localized heater element. Such a hest sources 1s simpler,

woxe relisble, and wore ef "{fcient than 2 cooling wai:z.

The adsorbent saterial saiwcted for rhe feed system uas Linde Molecular

Sterw, which (3 an artificizl reclite. Tha working fluid wvas ammoniia.
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This combinatiocn minimized the weight sod voluma of edeerbeat required for a
given wlume and pressurs requirement. The veyur pressere of smwovis at 10°C,
the minimm tempersture requirerment, ‘s 89 2 peia. This pressure is in
sxcese of that required for s colloid fsed eystes, thus eliminstirng condense-
tioa probloms. Adsorption isithezam for ammonia ou se:lite sre showe in

Pigure le. Carboa dioxida/seclite is urothar poesidle combination; however,
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Pigure 14. Adscrption isothe-we for Asmouis Zeoci.te
Types 5A and 11X

approximstely twice the amouat of zeolite is required to achieve the sems

opatating characteristics ad for ¢ ameonia/ssclite systes.
5.1.3 Pressure Control

The pressure couircl unit selected for the fsed system is similar to
that used for the ACSKS swmeonia feed system, Referewnce 35-1. A high output,
abaoluta pressure transducer i{g used to sense the pridellant feed pressurs.
The output voltage of this transducer is used as the ‘~put to a levei detector
circuit., The output signal from ths level detector controls they conducting
state of a switch in the hestsr slememt/power supply circuit. The hester

-~42-
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element 19 located within a canister containiang the seolite adsorbent. During
opetation, the feed prussure {s regulated dv coutrolling the zsolite tergers-
ture with the heater element. Pressure incrsase (s accowvlished by incressing
the gzaolite temperature to desorb ammoais. This desorbed ammwunia L(icreases
the quantity of vepor in the chamber surrounding the bellows, sand therefore,
the pressure on the bdellows. The i(ncreased pressure on the beliows increases
the propellant feed pressure. The feed pressure le decrcasod by allowing the
seolite to cool which results i{n removal of vepor from the dbellows chamler

by readsorptiova of ammonia on the zeolite.

A2 propellant is expelled from the systew, the pressure exerted by the
ammonia on the b:llowve must increase to mailntain a coustant fesd pressure,
because of the increassd spring force of the bellows as {t is depressed.

{r sddition, the voluwe occupled bv the ssmmunia increases as the propellant
{s expelisd. Because of these two factors, the average temperature of the
xeclite {ncroases as propellant (s expelled. The Iv~ical feed syutems
preagure and tecperature profiles during system ope \ are show {n

Figure 15.

The propellant fred pressure is controlled at two levela. Tla upper
pressure control lsvel corresponds to tha flow condition and the lower level
to the system no-flow state. These two levels are achieved by supplying two
separate reference voltages to the presrire coutrol level detector. The
pressure change from one level to the other is made by switching {rom the ocne
reference vcltage to the other. The pressure control bdandwidth at each
cantrel level (s the result of hys’eresis in the level detector circuit and

thermal response charscteristics of the heater elewent and zeoliie sdsorbent.

5.2.4 Propellant Conditioning and Reteatiom

During tcrmal spacecraft operation, the feed n-t.n supplies propel’lant
to thrusters operating in s gravity-free vacuum enviroumsnt. On the growmnd,
hovever, the systes {4 exposed to the ambient atwm spneres and gravity. Alr
rud atsospheric moisture both have a high sclubility in the propellant. The
presacce of these materials {n the propellant will deteriorste thruater
petformance. Thus, it {s recessary to i{sciate the propellsnt froa the
atmosphere. Also because of high spacific graeity >f the propellant, certain

spacecraft orientaticos can result la high hydrostatic hesds relative to t-e
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thruste- 'lec. In addition, durting leunch, hydrostsatic heade will é=valop
[ulezandent of the orieatation. The propellsat, thersfore, meet be retsine'!
t¢ avold expelling propellant through the thrueter during the launch and
prelaunch peri~de. In order to eliainafe these prodlems an exdloel.sly sctuated,
norasly closed squib valve wae seleced for prelsumch propellast fsolstioa
and retention. Undetr normkl operstion, the squid walve would be cvemed prior
to thruster operation in space. The use of a equid velve in the propellent
distridution systewm Joes not precliude functional checkout of the feed 'yetew
¢ tor to lasunching. The varicus operating characteris’ cs of the fsed systom
can e checked vithout expelling propellant. Latching solenvid valves were
alsc cousiderad for this purpose; however, the development time and cost

were bayond the scope of this program.

A porous metal filter vae positioned at the ocwtlec o’ the propellant
storage vessel. The purpose of the filter wes to romove perticulate mste 1al
that might have sccumula:ed 4o the propellsat frow the bdellowe sZorage rewsel.
The filter would be wore effective 1f {t ware placed downstream of the equid
valve to remove the particulate gererated by the squid valvw. MNow-ver, the
control presiure '<vel would have to be set to comrensste for the presesrs
drop through the fiiter {f it {8 locsted in the dowustresm sositiom. Becsuse
this preesurs drop varies with flow rate en' tempersiure, the feed pressure
to the thrusters would vary. Ia the preseat design, particulste msttar
generated by the equid valve is Temoved by the thruster filters.

5.3 SYSTEM ANALYSIS

The teolits/ammonis prissurizing unit vas ssalyzed with rsspect to the
conditions encouniered in the colloid feed system. The results of thee
snalyses we ¢ used to detsrmine: (1) quamtity of ssolile Jequired to perforw
the pressurization, (2) operating temperatms reage .. "ha zeclits, (1) systea
power requirements, and (4) dynamic respomss characteristics. A series of
exper{meats vas performed to verify eaalytical results sad to determiowe
operaticnal behavior.

5.).1 System Statfic Analysis

‘@ propellant is expelled frow the storage bellows, the volume aud
pressure of tha vapor phase pressurant iacreases. This messns that the

ssse of ammonia in the vaper phase increases. The {ncresse ia vepor phase
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Riss 12 accowplished by depliting the adsorded phase. The quantity of :zsolite
and [ts maximums operating tempersture are detervined by the amount of pressur-
{zing vapor required. This {n turn is determined from the bellows character~-

{atics and *he propelliant feed pressure.

The bellows seleczed for the {eed systes had the [ollowing characteristics:
e UIffective ‘rocs sectional area ~ 66 square inches
e Overall lenyth - & {nches
e Spring consrant - 0.5 psi/inch

The dellows travel necded to displace 3940 cc of propellast vas 3.64 {nches.
This =ovement corresponds to & spring pressure of 1.84 psi. When incortorated
ir the feed systew, tne belloss is devressed (.Q {~:h by the surrounding
pressu-e housing. Because of this bellows preset, su ammounia pressure cf

0.5 petia i3 required before a propellant feed pressure start~ ro develc;.
Without this preset pressure, any suall smmonis pressure over the zeolf:s
deflects the bellows znd expells propellant. Thus, in this case, the arnonia
pressure has to be escentially zero wher the bellowvs is filled with proyellant
and the system {s in the OFr coudition. This results in prohikit.vely low

OFF temperatures.

Yor the sbove stated bellows characteristics, the smmonis pressures raquired

for system operations are:

e Tull propellant loading 0.1 psta OrY
1.0 psia ON

® At completa expulsion 2.34 peia OFY
2.84 peia ON

The total weight of wnmonia available for deliverv by the zeolite is dztzrmined
from (1) the free volume in the pressure housing surrounding the bellows when
all of the propellant has been expelled, snd (2} the pressure differencs
batwvsen the cases of full propellant loading with no flow and complete expul-
‘giocn with full flou. The free volume is approximstely 6000 cc and the pressure
difference i{s 2.34 pei. This corresponds to 0.697 gun of smmonis. The lata
showva in Figure 16 are used for calculsting the required weight of zeolite

to supply this emmonia.
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Figure 15. Awmonia Adsorption om
weolite

For a wore detailed solution to the problem, the dyu'wmic characteristics
of the system must also be considered. The heat of sdsorotion of & msterisl
is in the range ot the heai of sublimation and vaporiz tion of that matertial.
For thin adsorbed layers, the heat evolved during adsorptioce {s similar to
that ewolved during sublimation. As the sdsorbed layer bdecomss thicker,
the heat evolved during sdso:Tiion spproactes the haat of vaporizatiom.

The relation for the adsorptinsa srocess s

d A
——:——:1/ P, 2 oW
T
vhere

P = pressurs
[ = absolute temperature
A = coratant corrssprading to the hes” of swblimstiosa
R = un{versal gas coustant

This reluti-mship and the data presentsd {(n Figrue 15 sre suffictlent s

characterize the asmonis/zec]ite zystea. i msximum tsclite temperscure of

1207, was arbiccarily salected. Thiy tempersture would de recsxsacy to
-47-
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pressurize the svatem Juring propellmt fiow at complets expulolice. Me
ASRON (s preswure at theseconditioas s 2.8« pets (182 torr). [Freoe Figure .5 ¥
the weight of smmonia adeorbed per gram of teolire of :5ia end moint fe
0.0300 gm. The weight of ammsoais sval.zdle per gram ¢f zeclite is 2.727) os.
The total weight of reolite to swply the 2.370 pm seswaia (o I3 pm. ’
5. .0 Svyetem Dvaramice Anslvets
Dynaaic tesponse of the svetem deternines the :ime {or the system propel-
lant f{eed presaure *o change from onr level to tha other. Turu-CM time f»
the time required frn- the feed Dreasure t5 tocrease [roe (h no~flow level ’
to the full-flow Jressure costrul level. Turn-OFF time (s the tlwe reguired
for the pressure to decay from the flow to the no-flow (evel. LExcepe for
tightly bdbowad momclavers, the adsorrtion snd dosorptica of vapors {r~m isslite
is an extrowmely vepld process Ireference 35-1). Therefores, Secsuse of the ’
tespericure deprodenca of the rressute over the 1smolite, the prvssure rossonon
characteristics of the svstes ares & direct function of the svetem lherwal
response charscteristics.
Faciors that (afiurace the thermm] sseponse of the svetew sin: R P
¢ Bea’ capacities of ..e reolite, hester elemsdl, and aseocisted
stroctural material »! the stsolits camister
® Beat of sdsccp.’.a and desorptioe of asmreia
e Tharmal luas f{r~- e zeolite camister
¢ Power {oput to th: csolite '
The ¢quetioca that describes the the.ma. respones of the svetem (3:
o d o @
’
where
C’ » gpacific beat
| - mase
] > maas of swmoais »
T - tsmparature
A * Adsorptioca hesl
8 - Cime
4, = power iaput
]

Y = thermel lose rate




Sudecript | refves to the ‘eh conponewt of tHhe teeolite camietar.
The tevra {;«c . Hs‘:‘: reprooests hast capecity of the seelire cemipter,
vl ite, ond heator cleswat. Thie tern 1o ceeentislly cometant ever the
eatire operating vsnge of the svstem. Tia ters {:—,‘AJ represents hxat
tequired for desnrbing ine samouis per unit tewpersiure change of t:-a
ssclite. The chage in ssse (dm) reewulzs im s presewre chamge (4PF) in the
proeserizing fluld. The relatiomship lis

@ =-C Ve 3

whatre

C° e coaastan?

Y * pressurized voiums
The precsurized wliune, V, {s s lioear fumctios of the fractiom of ;ropellast
expalled. Becsuvee of thie volume varistiom, the reeponse of the oyczes will
change ss propellant i{s expelled. This ssme coodition would exist (: 2 vole~-
tile fluid pressurization system. Equatiocns (2) and (3) cam be combined and
tbcl resulting equstiom: .

'? - - -
" * ["u Yoss .:,(C"!‘) %T:} (4)

gives the relatiocozalp detwsen the pressure respoese sad the syotss thermal
characteristics. This equation is valild for both imcressisg and decraseing
semcals prescure. The rulaticaship betwses tempersturs sad presewrs -sn

be detaraiced froe the data in Figure 16, the system dimsmsions, sad the
zeolite szas. Weu the system is flllad wirh propellasat, the relstica

% for tha tura OF and OFF cycle is spproximetaly 0.043 pel/®°C. AL complete
erpelsion, the saxe relatiouaskip is 0.033 pel/°C. These valuss sre btesed om
the sosumxiiow ther the zeolite bulk 1s st sa fsothermal comditiom. The

preasure ruspotse cf the systes i{s thes
1 (qu -4 ) (s)

&,
6 “feve L TN

i 1 P!

where K(¥) ia the functicarl relaticaship ol% wvith respect to the pres~
surized volums, ¢. As cas be seea from equation (5), the pressure re:pouse
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caaractvristice of the [eed svetem ere influenced Ly:
® Stoved propellant volume
® Mresgurizing chamber void volume
® Thermel res cf the zeclite canister
& Power {aput
6 Thermul looe rate
® Quantity of seolite
For the asramwd svetewm design, the vaiuvee of gz &re:
e Full tank

:: . 10.8 x 107 q ) pet/sec

ta - Yloes
P » pressure {n peil
« time iun ececounds
§,. = pcwer (aput from hester in watts
] s thermal loes rate frow syetem {2 wetts.
o [apty tank

av -4
i 6.7 x 10 (qu - qlo..) pei/sec

The thermal loss rate frow the system can bde adjusted so that it will vary
between 2.0 and 2.7 watts over the ambiert temperature rangs of the feed
system surtowndlings and the temperature rau?~ of the reolite. Py using a

5 vatt bhester ¢lement, the response chars teristice of the systew for turm
OW sad tura QFF are:

e Tull tank
Taru U8 ~ .3 to 1.0 mioutes
Turs OFF - 1.5 to 1.5 uinstes
e Tapty tank
Tura OW - 3.6 to 4.8 ninmtes
Turn OFF ~ 4.1 (o 5.5 minutes
The sverage power consuswd by the fead system (s that equivalemt to the ther-

ma! loss rate, an averege of approximately 2.4 watts. Peak power cf 5 watts
will be used w.en the hester elemeat (s ON.
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5.3.) T“yetem Prototvpe

A series of experiments wvas performed to detersine actesl perfocuswce i
charscteristics of 8 zecliZe-smmonis oreesurizstica svetea. T weoe aspori-
oernts {ncluded tests to verify the pressurc—tenperatury sdeotption charsrter-
lerlcg of the ammonia-zec!{Ze svstem and The ETeiom "erponee ~“areceristics.
A schematic diar-am of the test lavout is showm {a Figere [7. Lior ead
ballast volume were caiibdrated 30 that the quantity of swe’'s stoiod in
thew could be determined from a pressure sessuremr:s . he line velaws
was used (0 represeuat the void vocluse {g the pressure wwsing of the ‘eed
sviten when "he hellows was filled with prope. ant. The combinatioca of the
line and ballast v wes was us6d to represent tne pressure housing ve.wse
at complete propellant vxpulsion. Although the voluwes were smsiler them is
the actual feed svatew, the velume ratics were nearly the samu and The geaw—
tity of zeolite used was scaled proportionaliv. The ballast volume wes 970

cc, the liare voiume 630 cc, and the weight of reolite v 17.i zm.

— IR
~ SCUEN
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Figure 17. Isolite Prototype Test Schewstic
“he resulis of the sdsorption chavecteristics tesis were, vith.a experi-
wrnlal error, idertical to the data shows in PFigurss 1% amd lé. There
vas 8 difference between the resul's of ths respoose tests wd thr calculated

response dats. The relatiomahip, A as determioed expevisamtally wae
Ar.

e —— [ Gt e s et




S Tie pe T L enl eme indereudnn’ of expe..sd pruoe..e3? fre *Lom * ety

Bl .%-.87¢d 2 wFE edre T e’ pe’ D foe e ', Led “wene e L 350 pol <
wWeez 1 PrURe .0t tad wer seze ] ed. l'.'.‘acva\;’.'- IgrexmIn? o wmen 23’ -
wwnta w3 (a. e .ated vEiues of ": L gl et ca comdlt e U wmp ece
EI Pe . .80, QEPa.Y: ™, T1® -37 .81 08 Woe arge *-f e fi1., lane nTRe T .ow
Thie large vYEr's:ion wes Probaylv (swsed LD PSTT HY Sowm® SisMStcDd [0 o S..mg
the Tl TUur the Tull 8N4 condit i pd T~ ‘euperter sCe gTree  evtE (6 The
ge, L Fia were [ nror8 o in (e peaviite i ster 2f Tuw Tes sve o
to mi~.nie "~wroa. greli-rie.

The resulling respones (HArKk terigtic valwre tased O The POOtO’ T Ceet

dats sve:

e Fu.l tona

4 -8

— 7. - { - ,

4 - 8 2 ‘x:: iim) Po. ouc
8 YEpty lesd

a» 6.3 x 107" ¢ ,

g . x 1 .1‘“ - ‘1 } pal e

S.a SYSTDM COMPCRENT DESICNM
A compivte ‘oed svolzm ves designed, fadricaled ad ssseskied using the
recsults cf the rnalywis deacrided in the previouws sections of this ~wport.
The ini2lal intemt of the colloid feed systewm labricstiom snd czesmb,v
phare waa *0 profure s drupnstration everse hevisz N4 c.asiacteristics

developed in Sectliom 3.2. The .omplete Jdesign lsvout is shows in igure .8.

The bellowe dipensicas are 9.64 imch OD by 8.4 inch D (FPigurz 1¥).
is gives sn gvurage storage crose—sectionsl ares of spproximstaly 5% 1-:.
The bellows material is Inconal 718. The bellows. es Gelivered, he: a
surfocz oxide which wes forwed during thre amneal procssaing cycle. A completc
res=oval] of this cxide coating i{s oot poseidle withowt jecpardizing (he
Inconel 718 corrosica resistance properties. Instead, & hot cewet!:-
pernanganate bath 1is used %0 remove any loceely adhcrumt uxide. ™h: ressining
onide 1e a thin, tightly adhering film. This ourface coadition rep: veents thc

wazimam corrosion res{stant state for the bellows material.

The welding of the bellows to the end flanges proved to be a ¢:fficunlt
problem. This w23 due in great part te having too locee s fit betvisa the
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mating parts. Jt veas fortunate that two bellows had been onderwd, sfuce
& repeated atlewpts to perfect welding procedures resultad iu cousideradle
damage to the first bellows. T)is was after a series of operacions
{ncluding an {nitial electroun desm weld, so sttewpt o bridge rew~iaing
¢ gaps by tha use of filier material {n conjunctios with slectroz bess
welding, a further attempt to bridge the gep ding suterisl dwring
a tungsten—-ingrt (TIC) gas weld oraration, and finally torch draziag with
a geld-aickal alloy. The welding ¢f the secomi hellows wee finally
a:cowplished by the use of an interwwdiate ring. The deliows wae first
TIC walded to & ring placed over tha periphery of the ballowe tip. The riag
vas then TIC welded tc tha flange. Therw was s lesk {n the area of the final
wald; however, it was closed dy peaning the weld. In aiditicn, the area
wes covered with torr seal low vezpor pressure apcxy resin to ensure

¢ the leak would not recur.

The tranaducer selected for the gystem has a 0 to 5 psia pressere runge
with & 3-volt seximm outwut. It has su approximats l-volt offset at zerv
pressure. Although tims wos not svseilzble oa the present prugram, oa an

P 5 . act. =<' Tlight system suitadie elactriczl {solation technigqoms will be
required if a pressure resadou is deaired.

The squid valve salented has an sxploeively-operated cam that shears
2 mat.l diaphragm. %o {nternal voide are creeted as = esull of actuatfom.

The residus of the explisive sctuation (s isolated from the propellant by the
€
prass matal [it of the cam.

The systes response charascteristics create oo extrzordinary demsnds om
tho pressurs costrol logic. Tha coatrol logic comsists of a first stane
level datecto: used to drive a switching stage for the zeolite Meatsr slsmeat
puwer. The input to the lavel datector is thes owtput of the presswre (rane—
ducer whicd somitors the {eed system exir presesre. The leval dstector
operates AC tws pressure levelyg, {all feed and propellamt cut-off presscres.

N The pressurs lovel chaoge (» scowmplished by switching the referemce volrage
* , to the level datector. It is saticipeted that when the fesd system 1s inte-
gTatad {nto sa actual propulsion system the pressure level coantrol will be
refaremced to thruster deam currwat. This will swtommtically smintain

constant maes flow at comstant needle voltage.
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The teo0lite pressurizer assewbly fs shown {a Tigure 37. The total

charge {s }.) grams of tvpe 3A zeolite. The canister {s 2-1/8 inclew

long by 1-3/8 {inches in dlameter. Aluminua is used throughout the sssembly.

The unit is sesled by TIC welding. The hrater as.embly consists of a .
157 —ohm Nichrome V heater slemsnt wvire packaged in Mg0 {nsulation.

contained vithin a 2-inch long by l/4~inch diammter Inconel sheuth., The

tota. weight for the filled subassembly s 0.25 1b.

A schematic of tha pressure regulato. *witching circuit is shown in
Figure 38. The circuft utiliszes an operationsl smplifler with positive
feedback for voltage level decection. The ocutput of the amplifier {s used
to drive a two-stage switch which actuates the zeoilte heater elevent. The
output voltage of the amplifier i{s set aZ efther plus or minus 3 volts at
the dase of the first stage ewitch, 1’1, by the bdack-to-back :sner diodes,
D: and D3. The reference voltage on the amplifier af pin ) is set Lty both
the res{srance value in parallel with the sener diods DI’ and the voltage
on the base of Tx. For the condition {n which the sressurs of the feed
svetem {8 within the required desdband, the output of the control transducer,
which {s connected to pla 2 of the operatimal amplifier, will be adove the
reference voltage at pin ]. The output of the smplifier is a negative 3
volts st the dase of switch Tl' Vith a negative bias, the sw)tch will oot
conduct. When the feed pressui» decreasas the cutput of the transducer
vill decrease, and the wlfige at pin 2 will decrease. Whea the voltsge
at pin 2 reaches the value at pin ), the amplifter cutput becowmes posiCive.
This csuses the refersnce voltage at pia 3} to sssume s nev higher value which
i{a above the volixge at pin 2. The positive cutput from ‘he swplifisr ceuses
a positive base voltage oo switch Tl and it will conduct. VWhen {t {s
conducting, the base voltage om switch Tz hecomew positive and {t also is
conducting. This tums the baster element on. The ssmmonis pressure then
rises, thue increasing "he pressure and the cutput signal of the comtral
transiucer. The potential at pin 2 of the s ifier will incresse umtil {cr
reaches the new wllage level at pin 3. When {t reachas this valua, the
amplifier cuty ° becomes cegative, the switches becoms noncooductiag, sand
the heater alement is turned With the regative amplifier ocurput, the
potential at pin 3 will assuw 2 original lower voltage, which (s below
that at pin 2. The svitching deadband of the circuit {s determined by the
magnitude of the voltags change at pin ) for the cases of positive and
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Figure 20s. Zeolite Pressurizer Components
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Figure 21.

Zsolite Regqulator
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pegati{ve saplifler output. This voltage diffsrentisl cem be vivisd by g4-
justing the 1 X pot (n series with pin ). The presexrs leve 5 2t which
svitching occure are vsried by adjusting thu pick-wp , .aftica .’ the 0.3 pot.

5.5 SYSTT™ TEST RESULTS

The dry weight (non optimized) of the syetem (cmcluding ecamd-—o(f foewle-
tors and electrical shielding) is 7.5 lde. The tetal evetem volums 15 9.8
leers. Fijire 22 1is a photograph of the sssembled system. The svystem wee
filled with 5500 cc (equivalent to 17.6 1bs. of propellsst) >5f glycerol, aad
seclite pressurizer charged with ssmonia. Tha filled system was dywamically
tested during & 2-wesk period in which it was cycled five timee betwesa the
full OR (0.5 +0.03 pei; and full OFF (C.0) +0.015 pai) positions. The
power requirements at this lime were 2 watts for the ON poeitios amd 1 wect
for OFFY. Rowever, the respoase times were lvager tham originally (atemded;
6 atnutes for OF?-O¥ cycle, end 12 uioutas for OW-CFY cycle. TwO
factors contriduted to the loager tisss:

(1) The system wes designed for operstiom ia vacwm. [t was move
couvenient for laboratory testing, however, (o operate om work
beaches, cutside of vacuum, vhare a 1 perts are sccessible. THis
resulted {n & strouger tharmal cowpling of tha zeolits camistar to
ity enviionmeat. This sitwation wes later partislly corrected
by {nsuisting the camister.

(1) 4 second protlsm wes the gravity heed presest durisg growmd testiag.
Ths noreal testing positioce of the system is such that the zeclite
subsystam mest provide an addi:ioaal 0.3 psi pressure compemsstiom,
which {s approximstaly equal to Lhe cverall desiga fesd presewrs.
This csuses doth & gresatar respouse time (spproximstsly doubla)
sad greatsr power requirsmencs.

The system ves them rwe throwgh an entire expulaice cycls lastiag spyroxi-
wcaly ome soath. The test set wp is showa (s Figwre 23. ™e foed system
is showm mowmted om a ring stand sssembly in the cemter of the figure. The
two 4-1{ter flasks at (he right of the photogrsph were wted to recaive the
propellsat efflux. Simce the feed system is refearemcsd to zero absclute
pressure it (s necessary t0 maiatain tha flasks evecwsted during the expulsion

zycie.
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The setal weight and carddourd resting o= top of b0 syvtem were rogm!red
to uisisize couveciion currents aad to held dove the thermsl fasmlstios
which wee {nseried (0 simulste vecmes therwil coaditions. THa chert
recordar at the {ar lt'¢c 2hows the presesre drog coveed by am ON-OFY -ycls
ehortly defcre the photo wew talen.

Duriss the %secr freal sropellast expelled was 3200 cc. Thus, the
syvtem bad & %4.35Y expuleion efficiency. Twelve JW-OFF cyclen were
cartied owt duriog the tewt. The tise required for OQYV-OFF cycle vx ied
betwren 3 sad 7 ainutes. The OFF-OW cycle time depmaded o (Rput power
snd patcentap> dep etion. AL {ul]l expulsion, the pmser requiremsni roee
to 13.5 watts for a lé-ainete OW time. Puturv fead systew designs will e
directed at redu-ing this velue, by further cptimization of the seelits
comister desigy snd asownt of ammomnia loeding. Vecwxs smvircomastal
testing vill alsc de {nsstituted to minimise thermml loss. Moreswer, it s
preseatly amticipeted that soet missiocos will ~apior & valve, thas
removing the requiremsut for a rapid cycls Zime. This {2 ture allowe

stringeat thermel tsolation teclhmiques to ximimize stesdy-wtates powver
¢isstipation.
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¢. MODULZI DESICN 2D TESTIEC

6.¢ I¥TRODUCT OM

The majn effort (a this tosk wvas te deterniae the bast aprrouch
for covering 'he l-uicrropwmt to l-aillicound thrret ramge st a specific
imoulse raage .f 1000-20(0 secrads sad sowice efficiescy gredtar thems
7CZ. A sodulac design spproach, vhich enplusissd the taberest relisbilicy
of collold propais on, wee :hoern. A Y-wesile msiuls squsre arrey wes
developed as the frossmestsl bei’ding block for this cemcept. There
were (hree waltor adventages to this apyroech:

1) Scalability The modular coecept emphasizes & major sd-
vemtags 3f the colleoid thruster cecept, viz., 1ts esse
of scalability to suit particuler thrwst level requiroceemts.
Thus, the Jo-weedle mcdule ram b & besic duilding block
dasignad to sactirfy a wise veriety of specicslized missiom
tasks wp throcgh the willipownd reage.

) Baliabilicy. Intsrweddolar {solstf.m techmniques cam be
utilized to elim‘nate the chaoce f s single meedle mal~
feoction jeopardizing thy smtire systam. This 1s besed
1o pav- om the kawledge that the f11zis’ fallere made of
2 omed!s {8 vet 3 dead short, dut, Tsther, 2 swieen increase
1s bams spread, sxtraccor currsn® and meedls atoisg. Ouce
hese waruing siznals orcur, {t s possible to prewumt
faxiher damage by atrpping tha mese {low, perhape Chrough
the ai! of s syuid Tulve.

)] Simpliiled Fabricarion, Developmes? snd Test Procedures.

All initial dewalopusmt snd tasting lov i Jivem missf‘oa can
be performed with a single J-weedla swdale. This roselcs
12 & considerable sonming of fabrication sed vacema syetam
roqguiremsuts I8 the arlier stages of the program.
laftially, it was plamsad te {irst dewelos cmc 36-needls modele
with & dealgy goau! of I » 1)/ senile thrist, and them Wuild a muitiple
arrey of thees modmles for Ligh thrwst level operstica. CDurisg the cLaree
of the progrmm, ! wsa fows' that ‘be }o-weedls medwls wan -apable of
prodecing 100 aterrpomnds of threst. howwver, a vacwwms coutamiesliom
problen Seveloved which sede It mecessary o redesign the medulas to
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sinlaise Lie comtamicetion—induced leakage currwets. This prodlem,
which was 8 Teeoult of Sackscattered meterisl durisg pro.usged high thrust
cperativa, made the task of prolonged life teetiag ia axiating faclilities
exceadingly 41ff. 4it a8 thrwt levels were raised. As & revait, after
discusei{on between TIN and AFAFL petsonne]l, it wves decided ts cOuCEamITALS
efforts déuring the rammisder of the progras M further deve’ cpases,
redesign aad evalwstion of the basic Ye-weedle, 100 »1) thruwst sedale.

A total of €% . wclules vere bullt, the latter two incorporsting es-
tensive deeign changes based oo (nformalicu gained {rwm the origisal
protosyYpe. Tha_ o twe modules were them tested separstely, rather thae
ik 2even, ia order to allow 1ife tseting of ome mwdule to proceed
simmltamecualy wicth direct thrus: ssesuremsuts of the other. os @
resslt of theee experimemts, 8 1000-hour 1ife test vas complated (twice
the 500-bowr program goal) is additiom to direct msasuremmat of the
10C-micropownd thrust st (s cerrelatica with simultansows Ctise—eof-{light

ssasnreneats (Section B).

6.2 MLIPLE XEFTLY EXFTXTMENT

Ia order te (esT he propesad moduie slecirode configurstiom st
high voltages amd high Xq" for cxtamded pericds, and to provide pre—
limiasry comf.irmstion of the besic design coscept, ¢ nesdle~ with ¢)-wil
0.0., 3} =21 1.D. stzinlases stec]l tubes soldar:! to thea werw acumted
1 a JV-uiedle maduls. The staislems stesl twbes aciad as {isid
modifylog eloctrvdes. The seedles werw mousted flesh with the dowmetresm
side of the extractor. The extractor was a YOwmil-thick stainlees -tael
with se bevel on the extisctor beles. This coufigurstiom dwpli: sted the
oeedle—daflactsr eloctrede conditioms vhem ™H¢ seadle and deflectors were
opersted at The sams voltagee but with separute sppliss. Dader soderate
voctoriag conditions, tThe + AVappliad s the deflectorn was omall
ancugh eo that the above sitmatiom, t.e., '!- - V“”“:m_,
mately trme. Thersfore, this coafigwretios jrovided a quick, relisbls,

was appromi-

preiimizary taet of accel per{ormese and emdurssce.

This test wan fimally tsrmisated after 591 homrs to fres e
facilicy .~ other experimsmts. The maduls performed exceptiomallr
wel]l, operatiag at 1500 secomds I'. 30 parcamt rificiamcy sad 17




w.cropeunds thrust durirg the eatire rum with ar perfeormmmce dOgradegienm.
Tims—of-f ight data from hem $90)-{] arw ehemm ia Figeres ls Chrowgh 1O,
Figure 31 (8 o t¥plcal tiwerof-{.{ght troce wade during Zhis rum. The
oeed.es remained tar frwme. Thip wss prodbab v the woet (mportant owlc e
of the tast. The 1. iodicated thet the guide.lnee develaped i the
ringile ceedle work for peedle - extractor pesitiswiag end acrwl com~
figexation are val’'4 and oeceveary to emeure ¢ ‘icsamt, lesg-lived
cperation. Thu™e were (wo vacuwm svetem accidents dusrti. i Che rem,
seither of whiizh resulted (8 anv thruster tetrricststisa.

M extTector Pattarn (Figure 2. cowsed by the isteraction of
powitive parti-. s sputtering end oeuiral pertic.e condesest iom cenid be
sard a>Out each extractor holse. Stresks (a thess patiwrne redisted
outward f{rom the : le. Theee strowis were clean areus in Che depos.ils
asoved emch hole. They appesred 10 be dus (0 shadowing Uy dirt tertic.ss
lying om the sxiracitor, thet hed {atercepted mstarisl prodeced seer
ther omadie Clr, This {ndicated that the arsa armumd the oesdls was thHw
source cf a meterial that anheuce he sc-wmulatiom of deposils sowsd
the extracter bhols. ‘afey lomization gauge sresu-wmmsnty fwverribed in
the {ollowing sscticm) ~f the seeiral solecwlsr Jemrify 18 the vicisity
of the Jo-weodle amdule indicated that the Deom fractiss et (mciubed 1n
the sais Chrwet wew laees C.0T of the total wmese {low.

The ssrrome ptadility of (his vex made it peseidbis for the
exitting jets to reasis wadisiwmbed along Che aeed s ris {57 long perisds
of time, reselting ia ¢ virppls pastimtn alomg the wmadls ris (swe
Figare 13;. This pazliern vas spparemily comsed by elactirTelyric
otching of Che arvas directly bemibeth tThe emtittisg Jotm. The atTumgeemst
of tha Tigpls paltarws m the veariows wesdles sugpeets thet a et will
waif{ i1ts pasition alter 1 hew etched 2 cearials dapth gresve. 1f
this shifring of Che iwie ocomrs M swppeonmd, the atchimg effect will b
sprnad Ower tThe sotire nmedle rim, Cherwhy grewiiy redecing Do evesios
Tats owar the assdle rin a3 a whele. Tow stciing wey ast W presmmt
| peTe platismss. These oesdles wee platimm—irvidism. The etchiag
wy v e itne Toesmit of (Mloride impurities withis the sodimn ladide
Wik, since chirridae 2rw the vost alectroivtically active satariala »e
fazr am plotionsm L9 comceroed. The gusetionsr of lmmedliste ceacers eve:
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. (1) bow rapidly dowe the ecchiag occer, aod (2) e will 18 afcect
1ifatime? Additimal sexperiments arw sesdad to anvawr those Guadllons

guancitativaly but qualitstively {t szpposre thet, weisr similar cpetacio:.
condlifone, a >30C to IC, 00N howr life per svadle is poretdle.

$.1 J—NEIDLE TECTORABLE MCOULE RASIC DESICE

Figures )4 and 33 are dasic wodule acoswbly drowings. 7igure
36 ihow photographs of the f{aal wodule., [ndividwel soedles are the
cooventionsl o-wil {.B. x lé~wi]l 0.2, TR placimmv-iridium desige. Tue
sewilas are soft soidared futo stainless steel amedle hoidsrs in ovder
to sahace mechasical iutegrity ead charmal comt=ol. 2Idvleas preyylese
Tubbay (EPR) O-vings provide (oii{viduval peals withk the pleoum chamber.
PR v chocan on the desie «f its compatidilicy with both glycerol
axd wethy!l atdy] kelowe cleasisg soiution. Ymlifang problows caused by
tha latter trawltsd Iix “hHe abasdowswat of ths ofiglsully pliuned Vitow
soals.

The nosdles arv srranged s a i/i-foch spocing oquiale XITSY.
The mquara psilern vae chosen (n prefacesce o the slightly mrre denee
beuagonal geometry i{n ordar te simplily threst vectorimg. The vector
slactrodes are ‘abricatnd {rom YO4 steinlece steel, 5.56&)-fnch 0.D.,
half cylinderw drased {ato _mdarlylag borti{zcetal stssl smpest bare.
Thus, sach owadia s contaioed withia a pair of coaceatric parellal
half cylimdrical vector clectrvdes. The neodls tipe, swis of the vectur
slectri-ss, sod front ol the extrector plates are ali cogplanax o
vizhin & Cow xils. Ons of Ihe main probisss eacommtarnd ia {abricating
ihe andule vew that of obtaizing accwrate sligmmwit of (hase membore.
doothar critical coasideration. discusesd later, vap e Leygts of tom
vactor plxiss pavallel to the nesdis sxwe, sisce thls dutermined ths
pocing detwens the vecisr alwctivde sarvit strecture sed the woker-
sids of the extractor plats. Ovigisalily, this dists ..o was 1/16 Lachk,
vhich, wader class T uma conditiome, wvee sanily sbin o vithertad wo
to 20 ¥v teet puiamrial differwace. It wae fownd, however. thst afiex
cas or tw daya of actual engine operatiom, leskage cwriwmts weru
iaitiated between the two structurcs awe to flald exission Yrivs ihe
vadarside of the extracior plate. PFur this resses, the ¢istamcs batwaen
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the twe was increassd to 1/8 iach with & resunltsmt squivelent langideuicg
of the vec:or slectrody plates. This also roquired radasige of “w woxdle
holders, bsse plale sod Sverall soduls suppeort strucrure tH ¢ ccRROSALO
the nav dimensions.

The extractor was mede from O.0bé-imch-thick, 21-4-9 stainlees
ctesl, which was selected (n the deeign rovisire bacamse of 1ta smitadiltty
{or slectropelishing. This was daomed Joairsble im orvrder 23 nimimisze
SRITAclor surlacs rovgimess 13 8 furthar attewmpt 2o solvs tha flald
ealspion problems. The ori{ginail emtractor aillisxsd 0.0ui-{achthich,

304 stainless stawl.

The miuic was pottad ia sm cpsuy sppctt hese which alss e
cagsulacted the exirsc?or and wacton slectrodas sirectural support peets
and high voizage {sedthroughs. 4 thermistor temparsturs seasor sed 10 oka
tasrael contrel beater elswents were aleo poitad within the strectare.

For 1his tszeyn, Dmarsom ~od Qumiog Itycset 1850 PT, a speciyl surpese
thares ly condoctive sloctrice’ly ivselstsd casting resin, wes emplored
18 ke potting casponsd. This astarisl hes & thermal couductivity of
1Q.7 §mi'::1/"-3r;’°?;’m. alectricel resistivity of th“ otm—cn &t 7?°¥,
md dlejscric strength of 280 wlits/mil. Lesz tham 1/ wstt hestar
power wves Tejuired 23 amintaix the sodule at operating tampersiure whes
rweing =6 ;.n‘ shroud .

The mona! plawom chasber wee s twe-gart demrvazsbls strecture
which < lorad sissssembly for clesming sed alce for ¢ tice of oem
{niarns: Rillipove filtay and cubdsiemmbly.

&€.3.1 Nowygle Pearfoanmencs

§.1.1.1 Praliminary Nsse
The first b-eamile walored syTey apetimencs tosh placse ia o
sxd foot chssbsr Nuich ciilires & 1G-isch Mifusios pusp syvtem. This

allowd su sssensmront of the vecuge lowdisg eifscte ca & 10-isch japiag
dystam axd & basis for oNoparisom with later tesis {3 = sewly {(astalled
14-inch systan, (s adcftion !'» providiag greitimiapry axd=le epavratiom dats
acd idwitifyisg troudle spete.

Tha first risme the moduir ves tunn 4 om, {{ was allowed to rem
Zo0: I~mrs. Discheargs ak the t=er ol the module prevented saceeding
1T Iv casdla voltsge durisng that tima., The tromdis v Licgoccad »s
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ealectzon streaming atound to the bigh weitage cormeciloee st the reay of
the msodule. The froat of the sadule, Mowsver, vas extremsly guick. Bo
oesdle arcing wee obecrved, tmd operation wer vory mmouth w»irea the bach
and ven gquiat. After 2 hours, 1t wae docided ts terxisste 196 tset,
ogen the wocuun chembse, ond (aetgll & #ove complats daffia syownd the
sodale.

The woduls wao resoved frow the chamber, cleoned and ruisataliod.
Afrer mod{fying the test syste as describad siove, a vew rus vee {aitiatsd.
This rum, which ves allcwed t¢ procesd for spproximetsly 30 twars, wes
agein plaguad by srciag st the rosar of the wodule, Omze sgais, per-
formance ia the frost of the ncduie we cutressly smocoth; a0 srcs
ohourved. Moot of the afforts dering the res were devotad to isslaciag
casces of the dreakdvwn prodloms. It ecoe decsns sppersat that ¢ischergee
were occurrisg between the main high voitage lesd and the groeaded
thermcouple wires.

In additice to csusing ervstic meedle woliage behavior, these
dischar=es prevented sdequats tharmal comtrol. There ware tlgo discharges
hetveesa tha deflest T leads and the ground shield scrren encasiag the
rear of the module. The xtrsctor lesd feedthrough vas alsc bresking
dowa. Fortunataly, these ware all relatively straighcforvard problems
required, an lazer tosts proves, sotre striagest iosulatios aad sdacing
requi resents (or tha variows laud wires {nsids the vacusma syetam.

Although mo:: of the afferts ia this rua were deveted to chasing
doun the sbowe pioblems, thrwe ‘me-of-flight photos were takes swd the
resultas are presecuted b low.

4 3 6
'n(h) s.8 10.5 11
‘!‘(kv) -1.5 -1.0 -1.3
In(“) 3o 30 300
P(in. Hg) 1.0 1.5 ]
I‘UA) 2 .3 0
‘4.:“‘" 0 ) e
"X) 2 22 78
X"(aoc) 129%¢ 1422 100
Yorust (ald.) 0 9 (3 )
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(costinved) L.
¢/a(e/xg) 13,800
d{pgn/ cec) 24

e -t
11,900 18,000
% 16.3

A . AL . e

Tha results ware remgily ia the eprveting regier thet hed oo
mgicipated, althoegh it ves otil]l hoped to escesd 100 3iB. ok 1300

seconds l” once thoe epsrstisasl difficultios we clecred mp.

The {irst rems in the &4x8 foot chambdor wird the lé-isch pumwing
systam schisved 26~ end 49-bour durstioma, ducing vhich verises per-
foraance parsmetors vate msasured. The shortar rwe ($306-07) wes
teruinsted docsued ond of the ovedles wes spariiang. TAis failsrw wes
later actribueted to faulty deflector alocirvde pesilicaisg relstiw e

the aeedle.

Tha 49-bour rvm (€°77~01) was turnizstsd bacsmse of exiractoe-
daflector lesksge curreats. Jubosquent cttempts te rea the mmduls (allsd
due to continued extractor-deflector brosidows during pre~tus hi-pet
teste. This prodlom ves believed to d¢ coweoad sy scma smsll iaigial
srcing that vesulted from beildup of backscattsred weieriazla om the

extractor mrface.

Apart from tho laskage prodlaa, the meduls parforded becwtifwully.
Table ¢-1 lists the time~ef-flight calculsticus st verices speratiag
points. It coa be sesa that Jpacific ispuless wp to grestsr tham

2000 seconds ware obta’2ed at reascasbls thrxuwet lev. li.

Tha wsee

wtilization efficiamties vemt & little lover them b~' bdessn Sonad for,
des in pa. te higher tham wewsl operatiag temporatures reoviting fron
& breshdown in the laberstocy teaperature csatrellar.

€¢.3.1.2 Yacwm losiing

-

During these rens it ves fouwnd '2at the bort vecuun attainshls by

mxo—uamc-naulummmm'

b

torr. If wve asewne

complate dissociation of aack propellist sciula into sevenm noacomdessidle

molecules (uza-;cn). or perhaps five (

flow rate of I= ga/cec at 1973

m3+m+ozolx).qnn-
torT reomiis is soucomd3ikls gee

gonaration rates of the oxder of 1000 1l/esc, whick wproaches the
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orcrall pumping speod of the 10-lach syotes (~ X000 l/eec). Tiow, the
mepipg sreed Toquiremust and proyelliat amoce flew cecrelsatad or amti-~
cipatad. Subsequent nodule tsee Ia the ssw iA-isch pesying esyvwies,
wich has spproxiceteiy 4-1/2 timee recter pwy’ng speed, schisved
1.8 = uf6 tory, thus providing ferther corvrelstiem.

i & osemite of the soblent placmss crsoted wizthin the charber
wader thess opereting comditicas, pesitive wltage braece were applied
te the wopat difls plats thrumgh wvhich the thrwtae fired. The
resuliting voli-ampure curve 1. showm ia Figure 3.

$.3.2 leaksge Current Experiseats

i1 this time am cztameive program vas iaitiated to dlagmsse
aed preveat drais curvemtes batosn the sxtractor and the wvacior elecztzuwwd.
The felloving facts wa s sncoversd. Ne curreat wae proseat befave cthe

Tem, even vhem woltages 50I ia smcees of opectating velwes were applisd
for samy Moare. OQuce tha dreis currests began, they incrsesed scmmvdat
with 7oltage. Thuy alee remsised 8t quite low voltages. The currest
fluctwated sbout a valne that increased »ith time. There were
occasional large curremt imcreeases {(ollowed ¥y am sbrept érop beck o
the lower meas velus. Chamging the back-ecattsred ssterisal frem the
colleccor by a factor of four (by moviang the collectsr cliser) cansed
mo correisted change ia thses currests.

One device thet wes found %0 decrease, amd oven tempersrily
stop, Mcumumuﬂtchm;umdﬁmtl:m*
torr into the system. AL this preseurs, sbout ems out of tvary thewsand
elactroms is tramsit weuid create s fca which conid come back awmd
alter the negstive electrode by aputteriang se as to wwnine ¢
acasuitting. Burn marky en the vectur elactrade, ¢ Yaiss bSime
fleorescencs, & dright {leocescence were willssite won peinted on the
electrudes, and the distridetien of curvessi hetwues tho twe wvectaring
alectrodes with epplisd velzages, all confimmsd thet the currest
consisted of elecirome from the sxtracter o Chw variser electredes
sad somstines ¢ omall currest te tis eendlas. Iras elewtiom cuwrTHmL

— =

s

wves flald—emhamcad, "=C (n wo woy [ollowed B Powrior-Novdbelwm Lo
for [1eld eminstion. Twe sxplszatione are posville: the curreng

an
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night have conelsted of thovesnds of wmaller currexis, each of vhich
individuelly iscreased os predicted by the Fovler-Serdeis low dut
burned themselves out (vithowt initisting am atc) te be replacod by
asother scurce at a higher voltage; of the {isld-estiitiag peiats were
poor conductore end the IR drop reduced the fleld, theredy otabilisiag
the currem.. The latter view is ia acrovd with am sbowrvetiss (rem
siagle~wc~dle 4 work; (Tt wee ocbeerved often, that aftar AC eperetioce
vhea the seedle wne Iry due to either & seedle blochage o¢ the £luid
having besn rapidly evaporsted owt of the ead of the seadle by & (10~
charge, {fald emission occurred during segative w.ltage pasks. Thase
field emission curremts disappesred and were replaced by sermal ssedle
curtent vhem the liqui. ropellamt again wetted the tip of the sesdls.
If there was a commectiom beatwess theee tho curreats, i€ was thet
rexments of the propellamt oa & segative slecrrode in s Bigh cisctric
flield produced, quite faithfully, electroa curremts.

[ aa attampt to ¢ =at this curreat, afforte vere wade te
smooth the segative slectrde by careful sschamical eod electrical
solishing. [t wes fownd that electropolishing the origisel 24
stainlese stsel extrector resultad im come!dearshble pittiag. fer thet
teascon, & change was Eade t0 the well-graisod 11-6-9 stainiess steel.
Ligo, somd ecxperimxsts re perfonmd to detsrmime 1if chenges im the
sschanical polishirg procsderee cowld improve the cubesquast electr -
polished finish. These, however, vere wasoc: sseiul.

Since roughening ¥y mi~co—ercs heo slse boss sbosrved,
axparimnats vere performed vwith copper emtracters, vhich cesuld bde
sastly fabricated and electreopelished in siditiom ts boviag & higier
thormal diffweivity which weuld lessan the localised damege duws te
insdequate heat dissipation. This improved the situatien, but did mec
complately eliminata the drais currests. The seia purpese of theen
exparirents was to loock for a co relstiom betwesa '™ {pitisctiem of
breakdoma :~d orgamic contaminmacise of the electrude serfaces.

The entire modula, ianclmding the copper sitrscter, was iassrted
{ato e wltirs-high vecwwm {om pusped system which ves [ree of eny pwp
oil comtamination. It was fousd thet full woltegs conuld de maintained
prior to fatroductiom of glycerel iat~ this systam. Be lashsge currvemt
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vas odrarved .

The thrunter vas then reinescted inte the tegular 24-imeh diffwsican
preap oyeten for a performmmcs chech. After @ short period 2! opeteiiom,
the dresidowe degas oo ¢ 2gale. The thruster wee thiw pulled emt, end
™wincettad (ate the wiire-dhigh vecwsn evetam with ealy wmiaimil cleening
being perforesd. I wved fownd that the thruwster couid cts ismger ostad
2igh veltage amd that tre Dreskdown yroblem f{aitisted i the ~revives
tee? coatiawed.

The Wdulc wes thet removed ond thereughly cleemsd of all com-
trainc’ion and omce again tested in the 158 pumped oysism. It wvae
fownd that LC could wow Suicessfully withetand Xigh weitags. A
sanll thimble of glycerol was thea placed 1a the systom iz the viciziry
of the tireater, and after pumpdown, the high voltage teet vas repested.
ia this tretamce the dremkdown pheomsmsuse oace aMein toek place, (bwe
isdicating t2et the prodlem wee dafisitely commected vith ergamic
surf{ e co=taminscion.

This probiam, which (3 sggrevected by baving te teet within o
confined cherdber, will hove seme lmpect ow future threster Jdesign.

The rvesen it caly recamtly Mecamm spperest (s comsectod with the

foct that we Reve b~ cee wore sephisticeted in devigaing ts critical
telerancen, hMMgher veli. <+, and more strisgmat perfotmmsce dammmds.

Yo hove, La fact, bagus (v push the limits of Cochmelogy la this syes.
Previows designs required enly 8 kv, 1000 seconds inpulse, 08 wacter
sloctiredas, end wore ast as highly eptinived with respoct te velume
and waight requiremmmts. The origimal Jé-esedls denign wee e ottmmpt
e push al]l sspectns of this tochanlegy te its limits .od, a0 such,
conformed vory cloeely ™ cesventissal requiremsets v sweidiag high
veltage vecun® breshdows. 1t 18 ssw spparent thet &~ emire mergis of
safety is required (o compansets for the édelateriows effects of erpuaie
comtaminat fom. For this resses, the wdule wer revesigned te previde
larger tolarsaces Lnh thess criticel arees.

¢.3.) Bessurv-mat cf Jidevard BRili.w Girterels Prom g Solleid Famiog
Sems evidonce hae indicated the pessidility of spprecisble
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glycersl emmatisg sidecays {rom 8 collold ecgine. Carbiding of {1ilaxwets
at variows oriesmtativer with vaspect to @ sisgle seedie hes e cow
pacibie with this Wypothesie. Ixtiactor deposition pelistue heve
wforced the swpposition. Tar forastios oa the cemtral neodles ia ea
srray wvas snother poseidie isdicatiom of high stem deneity iam froot of

the engisns in 2ccovd with glycerol evaporszica.

Te furtbar iasvestigate thie point, the glass tudmlation of =
fonization gouge wae poeitiomed within sm fach of the ceater of sm
operatiang Ji-eeedle moduls. [t wves expected that sn incresse of gauge
resding of sbout 1 % 107> tarr would resslc vhom the tabulation was
wwed to this posiction, ¢ne t» tho supected glycerol srrival rats.

The chemgu observed wet omiy abouwt 2 % 107! torr. This swggeets thst
the glycarcl stde lose in im reality practically sonemistest, simecs
maiysis of the pmping spwed of the tube, cracking rates of the
{{1amemt of the gowge, and gemge constamts for CO and lz suggest that
the geuge readiag wili be rowghl; twice the equilibrium prusesre
sssocisted with tdhe arrivel rste. This polut wves checked is s weperste
esparimevt whare the gonge and 1U8 tube veve placed immedistely sbove

4 pool af glycerel. Ia this isstesce, the ioaisstion gamge responsse

to the sermal gliycerel surface eveperstion was clserly svidest.

Tha 2 x 107 torr chbvarved vith the mm e wen thus squivalent
to em srvival rate of 2 x wu/mzlm. Asouming & comstant demaity
baaispherical emfttmmcs, the tocal offluz would be about 4.10™"/sec or
¢ x 10-‘ grams/eec. The total & is ~ 36 x 107°¢ grams/sec, oo the
seutrsl glycerel efflux is probebly lese tham 1/6 oi 1T of the total
s [low — g megligible vaiwes.

6.3.4 10C0-Nour 1.1fe Tewt

Twe aow wodules imcerporitiag the previewsly discussed design
cheonges were Muilt. This allowed tarwst Masuremsats (%ociiom 8) te
be perfotued om oce threustur whilea & life test wi.. 18 yrogrese ia the
otheyr. The 1i{fe tsat wae performed 12 a 4 x § syetanm iscorporating s
Edwande 4" diffusion panp amd liquid aitTogem cryowall at the rear
of tha chrwber. Two mentralizers tasted wviih this tareeter are
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dJasTibed i Secticm 4.3 Comcurreat thrwet vectorisg experimcote sre
raported {p Sectic: 1.3. A 1i-tach~dismeter homeycoah time—w{-flight
cellector wes placed 1.92 metars {roa the swéula. The supprossot bim
wves -0 volts amd the screes +12 voits ti ocwghout the tewt. Tadle
8- liste the time—of-flight resslts cdsinud at various tiees durisg
the test.

Por the first 150 howre, the thruster performsd perfectly.
The parformance improvesmat due to the design changes wvos clesarly appareat.
Module operatiom was extiremsly atadle, with wo trace of {lashing, arcisg
or seed. : glow ot the fromt. Over the {irst {ew deys, the threetsr was
gTadwally drowght wp to {ts nosimel l00-eiiropouad threst remge. This
was done alowly owt of csution rsthar thes beimg dws te a lack of
thiestar response. [t was poesibdle to attaim 1300 secouds ‘i” st laew
than li-kv voltage. IExtractor curremts of the order of 1 sicrompere
ot laes were drswa duriaog this pericd. Time—of-flight efficieacies
ware of the order of 703. [t wes foumd dwring this ;eriod that the
best cperaticn weas ubtained st s midule temperature of 27°C. Afrer
180 bours, high lsabsge curemts appesred betwesm the extrector snd
dottom vector electrodes. The curtemt maters for both thess electtodee
ware pagged full scule (252 amp). Wails this was 3 comsidersily lomger
troukle-froa duration tham hed bowm previowsly sttaissble, 1T wus
evideat thet the leskage probism still existed.

At this poiat, tires stape were takesa to cure ths probles.
Tirstly iace previouws axperiam e had donmpetrsted ther ‘acreaned
vacwuss pressurs reduced the drain currests, a delidarste leeh wae
wted (0 raise the pressure to 2 x m" t-rr, a factor of tem incresse.
Secondly, the Yesd pressurs ves cumt is half to 17 Bg. Thindly, the
oam wvas wactored by lowerisg the lowar slecirvde diam voltage, thwe
dorressir ; the potearial dros detwees the axtractar amd deflector to
9 kv tucsl. These steps met ouly prodaced e {mmmdiiste Todectiom i
the drainage curtests, but also had » coumlscive bemsficial effeoct.
Onfortusate'!y, the tungsten newrtaliser, which hed dbesm inséverteatly
laft rvaming, veas buraed cut by the sddad gas. B 1ta 1O%H bour of
the tesc, :hnc—non-torﬂmthlaw-‘urrmqn.dnr*
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formance Med Tetursed to 60 »1d at 1793 ceconds X”. Py the I15¢h Bowm,
the thruet could be increased to Jé » 1% at 1300 eeconds epecific '
impulse. Deflector drain curreats had docreesed to lose them 1 wmicre-
anpers.

The acdulas ceratimuid to perfore wesll, witd thrests i the
atd-80a 2b resion antil che 310vh bowr, o which timm the draia carrests
returoad. The curative srocecs e repeated, cxcept this timm, aig

ves bled io for omly voe hour. By rumming st reduced ®ens {iow and tiarwet,

3.8 5 107" kg/eoc and 345 1b, 1t vao poscidle for the moduls to omce
again curn itogeif. Vor the rest of the test, the thrustsr was ren &
various thrust levels amd spncific tepulose o8 showm s Tadlas 2. There
ves occasicaai periocds vhem tha daflector curreat incressed slightly
amd the wodule ves temporarily thzottled back to clee ) the prodleas.
The moduls wes uswally rwm with the been vectored dowa, zlthowgh
occasionally it would voctor {n the oppcetits direciiom.

Oune wore seric # leshag: >blem occurred as the rsewlc of s
vecum system accident after 930 hours. Ia this lastsice, the liguid
nitrogen oupply ran out whila the thruster wes tunn 'g overnight oa-
attended. ‘s a1 result, the vecuwm sy9t«a Main valve closed snd s safecy
faturlock 4 watically reducad the feed praveute to gero. Bowever,
tha interlock for the power ry-iiee failed and the sy it-® Jeamine” 8
high voltage. This resultid im a coeximuvws breakiown | wh Laek
through the feed pressurizatiom line emd from the vector slaectroses to
the extractor. My the time the situatios was discovered ia 7> mormiag,
half of .08 vector elactrods amd portioms of wyveral others had desa
badly erodad. Althowgh previcws to the scclidemt there hed boen wo
evidemcn of tar formation, beavy tar smcrustations were wov apparest
in ha’f the noedles. Morsownr, the nass flov Teta wvas comsiderably
reluced, indicatiny needle pluggins. It was yoieidle to rastart the
eagine sod complate the tset. Sowevur, perforsmace wae reduced to
the order of 30-40 » 1d thrust amd 100C to 1)00 seconds X". Ar 1001
how ., the thrust wes temporarily returned tc 97 s 1d end 6 ssconds .
Tha oparatior wit .astsble at thi» point due to t'e tar sud deflactor
damogc, eni the run #a+ tearminacted.
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7. TRIUST MEASULMENTS

7.1 GINIIAL

A cioee flaxurc thrwet stand was we’ .o ssecwre Chruste i3 the
100 g1b ratge for three wodulas: (1) the +eeedle, tArwst vectorshle
semeler wodulae, (1) the Y-esedls, thrwet vectevadbls ssdule, ead (3)
the é-ooxdls smmulsr wdele. Jhsnever possibls, thewsil stond and time-
of-flight data were talm simmlimecusly. The feilewing taxt taclwdes
s duecriptiom of tbhe thrusi stand, eipariaental sstwp, mathed of
ssdsurewat, axpevizsactal reewlte (Tadles 7-1, 7-2, end 7-3), a &lscue-
siom of thees rusulis, emd a comperison of Cimeef-flight and direct

thrust asesuremsats.
7.2 TERUS™ STAND

Im order to sccwrately ssasure 100 micropouwnde of tirwst, a teet
stand with high losé-to-pracision retto (~3 1 10° Idm/1df) capedtliry
vas required. This imposed severes semsitivity reetraiats om test stesmd
deuign. Provisions for eslectrical pover, commaed liske, aml sigaal leoc’
to the thruster system under test had to be oede vithout compromising
sccurucy requiresents. The test staad had to opersts in the vecws
chambay cuvircument oesded for thruatsr evelwstion, eod be fselated from
sschamical vidraiiocns snd a0ise gemerated by puiping equipment v othar
facility disturbances.

138 thrus” etand used for this purpnoee 1o ehows in Mgere M, It
10 a baiancad besm suspemded om twe peirs of crosead flaxwrsl mamders.
The beam pivots about the line located by the peints whare the flewmsral
sembars cioes. A wire-wousd flat coil {s rigidly attoched to the bem
s tie pivot point snd {9 locatwd betweem the pole plscas of a statiomary
peTmenant wagmet. The thrust device is sttached to the balesced are eand
becomss a2 integral part of t™e suspendsd system. Cowmterveights are
poaitiosed o the balsace arm below the pivot lime of ths thrust stamd
to adjwat the restoring force of the suspeusion rretem amd <ha wowment
vf imsrtia of the suwependad assemdly. All powes and s'gnal 'sods
required during thruster operaiiom are <oumected to the thruet stand
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b. Rear View

Figure 38. 6 Annular-ieedle Module Mounted on Thrust Stand
(Propellant lLaserveir, Capillary Feed Tube and
Cas Pressurant Tube are Visible).
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Tablia 7-). Thrwst Nesswreaeats for the ¢ Amasviar Besdle Medxls
Thewst Sizad awd 707 lata

i Tﬁ e } 1 ] Thaent
v 1 i Fomd Torvet | ! sl EHT
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1.2 223 -1.9 8.3 3.8 » " - (% ™ ns - »n

coincident with the pivoc line. The poaser lmade oro sttechwd Co the
stand om ove 2ide of the balence arw, sad sigusl leeds o the other.
he cromved flexuree wre isolated electrically from both the dalamxs
arw md growed avd vy de weed for high-—<urtwws, low-woltage laade.

Duritg ., 2tative, throet gowersied by the thrweter wili cswes the
balance arm sed the coll Lo rotate showt the pivet petag. Deflectioa of
the arm in oonitored Dy the cisage ia resistsace of & sageetic seasitive
resistar (Mistor) that ta rigidly sttached to the balwace ard sw lecstod
in the fimid of (= pervsnent sagzet. The Ristor is »m. ley of a bridge
circuit., The divectica of rotstion of tha stend {8 eonmed by the peolsrity
of the ¥ 'dge outpul.

For sasougamant of stesdy-stats thrwst level, the threw?t etamid is
wied a8 o mell Belancs device. Yig the stond (s duflactod by Che thrust
force, the Mlator bridgs becowors wwbaismcad. A curyent (s agplisd te the
cotl, afither meanully or by & fenddeck system. Ths complimg of the
nagnetic field of the permanent magnel ssd thet iadwced by the coil
curreat sxeris & force that cowalsre the thrust force. The coil cwrremt
requiied to matura the rm to 1t owii peuitiom {s prepottional te the
thrust lewwl., Tha device is -alibrated {or stesiy-staste thrust by
segsuring the curvest required to restore the swil balsacs with knows
stoady-etate torgume.
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The threet otend and timw—ef-C(light srrengameet {9 chews och mo~
tick’iy 18 Flgere )9. The somisal e1scamcy frow the medule te the
twe-wf-£1ight collector wae 1.9 wetete. The module wad food systam
wire apulidd on top ¢ ‘he threst otand boalance Bes  Vigure lia.
clesn I2e threst otsmd with the 6-ascdls cumular wodu.es mswmted 13 c@
Gl 3 pltvot 1ine. Tigure J80, (s & view froe the dech of the
waviele, Some of the scdule shieiding bes boe~ removed to sske the
wodule sod fesd syntem viaidla., T2 bundle of wireo coming (a fres
the left comtaime the Ristar s deflection coll wires. The bundle e»
the Tighi contains the three thiweter lsede (sesdle, axtractsr, and
duiliastor vollage) and the feod proessre twhe (l4wil 0.D., 13-wi]l I1.D.
$3). The feod pressure tube waik veed te pressurise the propellame

venarrofr o the ecand.

The thrwat stemd was calibrated dy placing ¢ weight amivaleme te
100 pib (43.4 willigrems) at a point syuel i distamce to ) thrwster
loavar s {~ 2% ca) from tha plvet. The curremt required ~ reiwrw the
balawcw are to Lte original postitica vae thes sssevred. T calidraCiom
obtatowd wan 1 esp/gn. I8 sdditiom to the sull techmiyve, a éoflectism
varsve Lhiwst coulibrotion vas wade. This dif. ~ed {rom the muil techmi-
que ia thar the moemt of deflection cawsed by tae 100 31l weight wae
ssssured swi thuy tha smowst of coil cwrremt required to cowse an ogual
dnilection veo mmoswted. Since this later cslidretion agread with the
wall calidrsttvm, it wes felt thsi thrust sessursuments could accurstsly
be gourered <3 the 1700 wld remge by ssesuring beam-off, besm-en deflec-
tioms. This tachuiqor e weed {3 ot thrast msscuremsmts decoawes it
was gulzksy rd sivpler to wee tham the smll techmigwe.

The sapeitivity of The threst stami, s & physicsl pendulm, s
related to 1ip gaviod. The loeger the psricd the greetar the deflectism
for 4 gluas thrwet (orowa. Cravity (s the major restoriag torquwe aimce
careful plocensst zlowug the pivet liaw and wee of the tDineet und {owseC
sxgbet of pemoy, diginl amd {eedlismes Wiave reduced the torqer effect eof
chees wires tv 8 nuiniowe. Experioecs hoe showe that s period of ¢

e o r————
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ooconds will produce am accurecy of 18X ok 100 3ib. Accuwrecy is
doc-yvuinod by the anewst ol 4eflectiom of the Velence ars for & glvem
force and tho errTor (a Tweding re reted dofloctisons. Thy ma) - smoe
for erTor in ¢ellectica reading~ is ¢ hyeterostis {a e retars of the
wlamc) are %o 1ts original positioe. This is camead by (e pliasble
regulstion em the woriowe wires skd {eedthronghe rensaberiag thelir
forour positicas. Amcther cawse of erver pucsliar to tha electroststic
thrweter 19 the daflec - ing force on the are ¢we to L ectTDet S . (magew
o the vecwas toak walls. Th{c effect {9 minimtsed Py carefvl oblelding
af the thruster sad ¥y dropping ths voltage fto Nalf (e total valm vies
the colloid beam {3 termed otf{ for threst meecvresanis. This redeces
the {mage for~ee to 1/4 of vhat tiey would be 2ad the vollage deea
twreed completaly down, aimce thias force varies with the square of “he
veltage.

%oes {low rate dats ware cbtaised is tee wure: by viswally followismg
(he propellsst height (a a capillary tuba, smd by recording the deflac-
tion versws timm ahift of the baladce amm 88 propallamt vee swed w=. Ia
the first techmique, vartical esctioms of the capfillary tudimg cou: wct!ing
the reservoir to the module were calibrited {or volume verves leagtz. T
wovememt of the msaiscus dowa or Up theoe tudes with Uime wes weeswusret
with a cathetomster viewiag (he wsaiscws Lhrowgd & window in the vecwem
system. (& the secomd teclmiqus, the pusitiom of the dalsece cemtar of
grevrity provided + ssasire ¢f tha propeallsat dopletiow {(m tha reserveir.
T™he reenl.mmt shift (n ‘he Selance equilidriwm positive, as weeswred v »
chart recorder, thus provided a waaswre of the propellant flow.

Time—of -{1light dats were tshem coimcideat vith the rhrust seessre-
semts. Tracee were takem preced.ag sech thrust mmasswrsmont. 4 {latx
hoaeycomb timeef-flight collector amd twe dilased scrieme was wed. The
ocTeem cloeest to the collector wed biased -100 volts. The otber scrTeee

- oilssed +30 volts. The flight peth differed slightly from ree =]
bt was mominsally 1.5 metaers.
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7.4 OPURIMENTAL RESIATS

The first module tested, the S—acedle (rest wziors.le smswiar
sodule, vae rea cu the t ~vel stemsd for § bev . Siz seperste thowms
ssesulveeats were mede tanging from 70 to L20 wilb. THe firet fem
easuremsets wore asde with the defleciors ~ommectod 1n commen i1k tw
sEtrector voltage Vl, te permitl operetica s ilscer oeendle weltages,

v.. ™he lset vo dets peints were wede is wemal csaliguretica with

the defloctor voliage (atermedisce betuvesn V. cad V‘. Raoe {lexr was
wessured viswally and from the slope of the balawce sre éellection verexs
time divplay ou a chatt recorder. Thwe tizs-of-flight and tarwst stand
data are give~ ia Teble ?-1.

Data froa (he second sodwls tewted, the Yo-asadle thr ¢t wacterndle
vodule ars listed im Table 7-1. This mpdule wic eperitod oo the stemd
for X0 bours. 3ixteean tPrest wasswremsnts wore ande cwverisg the reage
from &0 to 110 wid. Omly vizcwal wese {low tate meserts wets Wwie wode
because tha progpellsst reservoir was ceatered over the jivet line. TMis
vas Jooe Secause, Curiog the Drrviows Tva, the stead ehifted se .epidly
with time (¢ hod deem JifficulC to odCain thrwwt dats bofore the chare
recording had goone o{f scals. ™ils cheage was a uli:chke decsuse thrwet
stand deflectiom with jropellsnt veage yethits s rapid sessercanat of
s md providse aa independieut . dechk om esur vismal 7 weeoureswats. Ia
later mossurwascts, the provelic.t lever arw was vlecod emeo-dalf se for
froom the pivot lioe as iz the firvt thrust experimmat. This hept the
chart reccerder froe worring off scale "oo fast det stfiil pureirted taking

& calcu'stioms from slops.

Deta from the 6~osedle smomlar wodule, the third tested, {s cheows
in Table 7-). Thie sodule 4/4 meC perform wpll. It wae 417ficuit te
obtaia stable curreacs dvt to poor weting smd sesdle-extracter arciag.
Thope data are the lesast scturate decames of the wagtable operetiem of
the module. To sddition, some of the high veltage lesds coming imte
tha balance bdeam alony the pivot lime werw later fowsd to bave beem
looss. Whem { wse vires were loowe they ceused a teryes om The balamcas
a8 voltages were spplied to the wmodula. This torque was fownd te Mo
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variable. The affect rould 20t b esiminnced from the desa~oflf, dean
on deflections. All A dats were cbtained from the thrvie: otand deflec~
ticam with tize., No visual & wessuroments vers seds decsuee the re.arvoir
vas vlightly overfilled and the propallant meulocus agver dropped 1ato
the caplllary tudbe. Rad thio moduls parfirwed detter, 1t wouid Dave dewn
Tun long engugh to dring the msuiscus dowa into the capillary.

1.5 DIsCUSSION

The first two modules perforwed well, providing etadle op- stioca
vhile on the thrust stand. The third module did oot perforas well and
thare ware uncertaietics {n thrust stand operstion (see the preceding
section). Tharefore, it is felt ‘he ca%s from ths first twe rume
(Table 7-1 and 7-1) provide the best coepsrisoe of TOF .ad thruet stesd

® ~eremeats.

Thruat stand accurecy {s felt to be within 10% at 100 41D sad
rroportionsately lsse at .iower thrusts. Llectroetstic imege forcer had
s very wmall effoct ou dalance arw deflectios (lese thau 1I -z 100 yi*

{n the f{ret *wo expsriments).

e wucer.ilnties of the time-of-flight techaigue resuwl:r from
veveral unrelated fa-tores. Thay are (1) the use of {last collector,
(2) not subtracting the c ergy ices {rom " vhen celculuting the veriocws
pesformence parsmaters, sod (J) the difficully of sccuritaly rasding the
tail eand of the TUY tracs where the currest spprosches sers.

A flat collector sxsggersiess ‘he 4 veluoes dacsuse of besm sprved.
The greatsxr ths spread, the greater the exaggeration. This sffect
should do relatively a'n0r with 2 asrrow dbeas (210 degrees) st :{gh X.’
operation (> 1000 secomde). AL lower "T" this ef%ect decomes wore
important becewwe low i" bsans almcet slveys (in 8 weall wetting soduie)
havs wids besm spread (430 degooes).

Thy effect of emeryy loes has been measured st ~ 4l for & colloid
>omm Joperating st 10 kv (Raf. 7-1). Yot iacluding *%1s (a the !ime—ef-
fitght calculatioms should prodece slightly hignar throets, ssee flow

rates, and af ficiomcies.
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Visoetver the carrest eengitivity ia ths cecillescops was jucpevaly
facreased to more accurstely obssrve the tail sed e¢f the tracs, Che
resuiting calculsticns progreseed seympte:ically tewerds higher 8,
higher thrust, jower efficiency, .ad lower I”.

Tiho s eifect ¢f thaoe orTvors bocomd eppareat wiwe TOF and chewse
otand datr are comparvé. The thwrwst staed deta indicatod, gesorally,
higher thruets, lowcs l"'-. higher 4, and loset et.lciewcies tham the
TOF date. The diiferwnces arTe oot %00 grest. Ia Tablee 7~1 amdéd J-2,
the agreamsnl detwoen TOZ sna thrust etand velmss of threst is clese.
Out of 16 comparisons, ooe differed by . ¥, ome by 183, amd twe by 112,
All the rest agresd to withia 102. The thruet etand messered highavr
thruat in 10 out of 16 cases. It also fmdicsted higher & is 12 owt of
16 comparisons. Tha thrust efficiencies were lower in 1) owt 16 times.

Thess results swuggeot thet as iaabilicy to accurately resd the last
part of the TOY trace explains moet of the difference detwaes tie TOF amd
thrmet scand daia. The iaportamca of the tail sed of tde TO? tracs cam
bs seen frow the TOF equetioa for &,

4ot e e
°
Bare, my sdditiomel I(t) is weightod by uiltiplying 't by t. Olviswely,
if 1(t) approeches serv slowly, but i3 00 clece te serv that 1r cammet
be differentiated from sere, tham am erverf in & cam occwr vhem I(L) is
assuned to be zerv esrlisr tham it should.

A very {atevestiag outcams of the thrunt useseurwmsars wes thet
threst efficiency asppearsd te go wp vith (ncreased I" (o soTe accwrately
vith iacreased J/XN). This effect will heve te bo verified (an lacer
axperinments becawse 1t is comtrary to vhat 1s isdicarsd by TO7 data. 1f
it is true, thes the high 108 pesk st high Q/N operstism is mece thes
offost by & reduction in the slow low Q/W perticlas.

-10)-
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The data ia Table 7-) fer the third sodwla teetad ares soomelows
conpared to Tables 7-1 amd 7-1 eince iba thruet sd & vi) e were lomer
thea the TOF valuwe. Bowever, as smatiooed befcre, this moduls dedw od
srraXically, seking it difficult to ebtain dats. THe ecacter ia the
éata ia & reeult of emrellable bahavior.

The relativaly low I"'n (l1sse tham 1300 secouds) ere the rwewlt
of met having time to omslyse thn deta during the tsets and are met
iadicative of mudule capabilitiss. Ia the first two teets, we worked
wall withia the limiis of voltage opersiion med couwld bave adiustsed
the woltage and feed pressure for 1300 eseconde operatioa at 100 uld.

7.6 CONCLUSIONS

The TOF amd thrust stsed thrests agree, om the sverage, 0 rithis
10I. The low TCY & valuss (compared to thrust stand va.uwee) Day be the
tesult of ouw. {padility to accurately follow the TO7 tracs whew (2 L2
very cloee to sero. Carsful sttestion to this part of che tracs will
driag the T0F and thruet stend dsta closer togecther. RKigh Q/X, Righ
Z” ({.0., high wltage) operative improves tha thrust ¢f/icisncy ovey
low I", low Q/X operstiom.

Additional tests muet b aede to verify, by oxperimestal repetition,
the sbove couclusicms. The wes of thrwet stamds ia lowg-tarw tsecs
meears o e trygractica! becewse of the bulkimeve of he stemd ad tte
ssed for & cosstaut, room-tampetstars emvivoemsas. TOF 7echmigees will
contisne te be weed. I way Do dsairabie t» was & logrishmic seplifierx
te improve the eccusfacy of the TOF resdings ¥y wmaking the tall ead of
the TOF traes more viaidia.
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IRrotyces

H. F. Babstusn, “sarurescat of Dnergy Diosipecsd 10 Klectreotstin
Sprwring Procer=,” Pedrewary 1970, J.A.P. (Te be published)
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8. TumRmMAlL AMALTSIE OF WERR

& oim iflod et tremefer amalyels wnp wedurtabes o 0he critical
campaswats of the module to determine the = vetm of salar rodiation oo
thrusd domn edEvgy lood om ibe Leaperslurs &€ the sowdle tip. The tuglom
flawetLgacod (s ochowe in Figare «0, &8d cousisted of the eutrester slate,
the asedlon, e oodula Yase sad the needle Nolder. For (he puvpsee of B
the apslyeia, tha asedls Bolder wop tskew o pact af the soduls deew,
wopen tawperstere {3 cmtroiled st JOY'W,

? | >
; | !
i T T LARAAMARRE Ab e aatter RO o Sdieliigs s d
; [V WER O I
Tigure 40, Coomer » of tha Thareal Aselyeis for the Jo-Needle Module
»
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Modwnle tomparetere ceatrol is s:camplished with the cenbimed we
ef 3 wodels Yeler and & theroel :coductemce t3 ¢ Cadistor of the
relativaly cold spacecraft otructure. This {2 daotirud betewsw the
glveorel jproyellsmt viscosity 14 Bighly teaprvsturv—depoendont . Phus,
"ba sverage oosdls Taaperature will significantly «ffec rase {low
rots. The M-eswdls callold tirester muduie is desigmad t. epsTede
with 5 propellant tapwrsture of 43°-17°C. The purpece o the emalyuin
wae to dutarnine the deviation ¢f the megile tamperature {rem tha
design voloe due to thwe affocts of solar radistion end exergy losw.

The otudy showsd (MC the cwedlie mill mermrlly opurste obeut 3. 4°C
above the comittol tewperstuce of the vodels dese. 1t wes fusthey
found that siacet all tais tsapereture d1fferesam is duwe o the ewergy
loes mactantiam, ovd the affects of wolar rediscicw ere ineigelf{icemt.
Tha roergy oe2 ia rowghly proporiomal o msodls ceurreat, emd 1o exhiect

o comtrel md Sooervertica; taersfore, the ssrdle xompeTecurs (s alew.

T™erma.ly, (hs ocedle weas seeowisd o behave lika & »eint 3:ess
radistor witu a Chermel comductamcs 10 the base deta.mined Yy the cotal
ooedle lsugth. Since almoat wll of the deat [mgwt is due 0 emergy
lowe amd ocours at the Tip of the geedls, zhis .ppoars to de £ pown
asecaption. The radiatiom aress wars crapeted sccordimg CO (e ardwal
axpoesd surface arsa of & barc seedls. T shieldting effact ¢f Jeflector
siectrodse wae 20C taked 12i0 accowmt. Since ke eifects of radieficem
v ra foumd to D s0 emall im this study, {t (s reasceabic YO asudemms {Beg
the defloctors would have a tsspersturs cloes (o (e coatrel tsmperstera,
wed vouid temd to drew the needls temperature dmw by akialetag.

The coee studied var thet ef the grestwot {lluxtestion Incidemt on
ths woedla. Bocsuse of :Nia, red boacswee o the omissiom of thwe deilec
tore, 1t was (8 come penee & “vOrst case.” The sroblea of wmes(la
112wmination com b poved by referrimg sgain to Figrre &0. Rag.actimy
mech effocts me dapomdenc. Of smissivity om aeg’s of (scidswce, the

ef foctive irrsdiated sres of s xeedle of disaetsr d Lo glvom by:

A.OCL.
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where L. is tite #ffoctive longth eiwom 10 Figure =7, oud mwaC satiely
L » xein @
®

tf O i3 leen thae Aoy critiius stgle 0(, % % oasitained to e s
mesineme valus, thw veedle leagth L‘. I£2 58 , the comatralot {0 m Che
%

extracier welo rodins amd
L = ¢ com &
™

which (o the comdizion shemm in the figmre. Twd eryresssices feor effective
EXRe Sod08D

) { i E
A, d..mmmﬂ,ﬁsx@ﬂ

A = dy taw @, 2 » @
& 8

For o lé-wil seedle asad « steedsrd extrecier, the feliowioq a0 Rrs
wiTe yaed .
d = 0.0Y% o, oeedls dismwtar
v 0,139 cam, axtractor Wole vedium

L, - 0.32% cu, awwile lawgth sdbovs holdaer

The menisem offoctiva aves eccurs vhaeg ths aboww Cwo srprsediomes for

.ﬂ. avw egudl. Thia coowry &c.

& = 13", criticel tacidemce sagle

A.{Oc) e 11,0048 .:.za saxinvie sffactive ares

Is writing the extracter best balascs wuatiome, ths radisiive hoad
eTana for Metwedr tHe foduid dosy md Che mxtIRctor sas panwted (& takw
piae o8 batvers tws plene surisres of oqual cwisstwity. Best coovduciiom
batuvess (e two Cakes place Throwgh four stalalses evnel steda. The

dalamce agua”ioNa sgesar e fallows,

Redlatiom to spave + radistlicn fo sodele ¢ cvedTics (¢ soduis =
shacrond iacidsnt soiar radiatios.

4 s . i -"l. r & 4
] s! Au '!" + @9 A‘ (l.et‘ - x,:’ ~%7 \‘I'x - Y

-4
)

- - ’ - \ )
+ k‘ Aa (x‘ T‘)/L' R cos ®c - A

(P
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¢ = 3.6710° %2 wetto/ca’ - 5%, Stafan Belisneme crmctant
Sy e (.10, enineivity of extravier, for alumioem
‘n v .10, esiseiviiy of mude.s daco

k. = $.212 wett/om - °C, thernel comiwetivity of otwis
L = C.64 om, atwd baight

A‘ @ {0,169 mz, total eted cruocs cectisc

A

2

. ° 20.4 cnxﬂ ant emtIaior trea

0.140 mm/mz‘, {ncidest selar sebiisios in woer—earch
2ovi rossenet

Delag & sodule uapersture s5i 's” » I3°E, the sdewe oguetion was
sclved for T;*Tm {the conducrise serm) %y 2 methed of swccwmnive
spproximatices. e cesulting xtrecicr tempetatwrs vse T < ¥, 3L,
oy showt 1.) degredz ndbove the Sase jsupereiurs. The {ollowiag powey
disxribulice ws found.

Incident sosar radiatiom = 3.0134 tm!’;t!a:

et comductsd to scdule » 0.00844 walts

Kndission To modula = 0.00011 watis

Radi *{om tc epacs « G, 50511 wetts

The beet exchange boivmes deirocior sd ssedie {s foe esell te

inflesmte (Sin belance, 28 the s istinm of t2o woedlse Lsat dalumce

sguations shoms. I» formsisting thess seustioms, IT vem seswussd (hat

the rediative view fector from the needle fo 3Ed b axtractor =od the
woduio Dasw {2 equal (H ose-—only A4 SPPrUNIOEIs swewwslion (a the laitsy
chdn. TH\ somdls amoryy losz wes bassd oB 23 sawesed vslisge drep of

430 volifs wwi s nominal seedle cwivest of 10 sirceewperve. The delowss
saoations ave forwad &2 folloove,

fadiation o axtrator + Twiiacion te oodule + consdecticn €8 sodnls «
sreryy 1208 + incldemt pelar rsdisztiem.
[

4
28 A T -1 Yy *+*o9¢ & (‘!“o‘r‘)
2 m ' x A mp n »

j (T -~ T),L_ =X+ 2 A
*tngsx\u -)'ax 2 "o

A K . oy A SR o

I Rreeres L T T Lo

[PV FUEPY T

T —
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L 0.0)), sewdle emiseivity, for palished pls Lwem

ka s 0.0 mu/mx - *°C, semile coadwctivity, (ot plefimm
by ° 2-007 ', wevele periseter srec. rd L

o, - 0.092u10 “ra? . weedie cress sectice

1 o 0,004 weic/omedls, maryy leose

™y seedla croee dectice vas ‘ownd for 8 stamdard [é-uil meedle,
and the potimetat aroa wen caiculstod asousning an anxpoewd porciom of
e sesdle sbove ide macdils Iaider of C.23L fachk 1z lomgtd. THhe abors
s setia way solved for TM-»’?. 1 & similer momaey 1o tho ezl uctor
oquatioa. The reavitiag weedls temparstere wis fownd co Do ?. « ¥4 6°X,

shout 1.8° shars tho Sew tawperstxre. The followimg pomer diszcridutisn
wae |ooed.

Boet comdmcted Iv wxdcle = 0.004 yatt/ wwedls
fadistion to modmle = 0.03 x 107"

Rsdiation 2o wxiractor = 0.317 x 1070

Loargy loss = 0.004¢ wext

Incident solar tadls iom « (.44 £ 1@4

Based om the saftrectar atae ¢f 1U. 4 a: fot the J-aeodle mrisle,
the tvarage redistion donsity from (he mssedies to the emtrsctor i
0.7 3 107> wett/ca’., Thias is » sesll fractise of say of the pewsr
{wputs to the sxtractor oliich Mve bess sccowmtod for, sud Lla noglecet

{9 jescified.
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9. PROPELLANT RISLARCH

In eddition (o Bel-glycarol (] gue Mol to 10 gma o plwcorel), the

stamdard collold propellant, the followiag promalissls huce bosw teatod
winsg platinws ocedles (14 wil 0.0, & 241 1.D.}:

¢« RKl-glycarol () gme KI to [0 gaw ¢f glycerwl)

* Cal, Mal-glvcercl () gos lal, 3 gas Cal o N g of glyeorel)

¢ Liguad
« Liguid

gallluw

o el

The XI-glycercl aad 4al, Cai-glycarcl propellosts 414 wet porfocm e well
L
2 Fai-glvesrcl. Tha galilum ive rpecies wes (domtiiiod o Cap. T

>
conlua (om epacies wor {dwutified 28 (o end the meew uwlilisstise smawero-

anets indicata that at lew2t 737 of the mees i3 utilided iu the fom hoaos.

In additica to thw items reperiad ia this sectiom, wark vithd UelR-¢!ycetel

is reported i tha ssctiom descridbiasg puised amd AL wonk,

§.1 Cel, Nal-CLYCEES

4 zixture of cesium amd potzeeium iodides im glywrsl wme ™ fov
inft{al reeuits ware good, Indicating afficie.  fas

aboat 400 houre,

greater thae sbou: I for spacific ‘~oulsee of 1000 secomim.

™

Low

pesk iBdicated osly ema spocics - heaviar them wilh Ml-caly eparatiow,

Letey oparation dagraied, and secsise chavriod 47 aild wvere fowed I rowmd

tha weedle. Also, wrveica ¢f (M platinum-{ridium noadle w2 soted.

Lheugh vporecing cosditione wure sdsiitedly woor (w0t Trupped, seort

.. 8t path, seadia 30C bavond the sxtraclor, sl oftem times issulficimmi

augalive 70l1a88 e M axfTRctor), svidomce 1s epvetimg (hat hagvier (e

twch o porlasdlive wni Coulivik Compe mOTe Carvimg wwd pessibly evosn seedin

srwaics. 1MW Bizture wae meds Yy wixfar squwel volwees of 1/10 (X greww/

100 cc glyewsol}
vipcomlity of AlS
1360 camtistohes.
& resistivity of
asarured at 13°C.

¢" Tal-glycarsl with & reststivity of 1900 che-vw mud &
contistokas [<.s.) snd }/10 Ral wich 4700 oims-cit smd

The reswitling miztere had & viscoeity of 654 c.5. apd

4200 oha.cam.

All reoistivicics sad viscesiiios ears

e ——

et i Y

]
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9.2 KI-CLYCERCL, #-#IITLf ML wXLE

A 170-%our Tum wae orde uwelag Bl/glycervl. Thruste ef (loese to
& pid/moedle were neislaiusd at 8] perceut efficlescios ~ad 1400 secemds
!”. o geoersl, ¢ KI propellast produced lowar Q/N ead tharefore
lowar !" beoms o7 equivalent voitagee, eses flow sed thruet. Tervw wes

alapet we low peak 03 the time—of-flight (T ' treces (Vigure al).

frure dl.. TCT Treze OBtained Witk
KIClycerol Propelleat

1 e 1330 secounds
”»
" - 822
T « 11 uld
1 -7.lx 104 kg /poc
(Q/M) = 6.0 x 107 coul/Rg
vu e 1).8 v
v * -1.% kv
X

l,' » 3] »ary
1 » 0.0
TOF lewgk » 1.82 metere

1 screoen shisléds. The ~na cicewst

to collactor dlasad -19 volie the

other hissed +il1 vclts.
Scope scaloe: § wamp'om, 30 vsec/m
R aad T based wpeon I‘
Beam syrsed lese tham + 10°
Data met “erTected {c” beam Fpreed.
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T™he Ki-glycerol onlution wvas & ) gas X! to 1D ul of glycerc.
aizxture. The viscoeily wes 373 contietches and (he resistivily ves
2X00 ochee-cm ot 15°C.

Alter opsning the (), it vee soticed that the mvedles vere
almout completely cowrwd vith Kl crystals (seg Pigure 42). Thoess
crystals v re gpparently formed durtug the ™ nrost-operstioms! bows
the medule remained {n vecwm during & leag wlidey wivtemd. THere
hal boen w9 Seterioration during the prier |/O~aorr teoat, ve it ia
wnlikely that these crystals were presest during the ren. 8 wdditior
they wverew caeily vieidle amd would have boer soficed :hrowgh the
veoes view port Lad (hey forwed Jurimg the rus. This crvstal growgh
by evemsrution o gilycercl from the solutios st the mesdle Cip coald
be 3 prodlee duriag extedded shetecwm periods. Experimswts will hawe
to be msde to detzrmine how beet to operste the collofid thrustere
during sxtemded serc C(hrwst puriod:.

Figere 42. Rua $905-01 - }/10 K1-Clvycerol Solutiocm. XI Cryetal
Crowth om Naedlee After Setting 90 Hours {s Vacuws With
Bbeam Of{, {.e.. lero Voltagn ard lero Teed Presscre

-11)-
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9.7 LITID METALS RFSEARCA

9.3.1 Calliww "sper{esent

1
Seatik® of the Untversity of [llioofs found that spreying galilue-

{rdiue sutactic produces only dimers and tetrosars bul
iras. Since an ervor i{n the {ou species might account
ditferevce {n the mass carried by the ico oes and the
used se determined in pest experimemtes dy welg.ing, it
more carefully {dentify the {on species. A longer TOY

versus 20 cm, wags used te lmprove accuracy. The sueep

oo aingly charged
for the apperent
smount of mesg
wag decided 0
length, 55 o=

spead oi the

oscilloscope was calibrated against known f{requancies sod the delsvy 1o

seplifier response, approximsetely 1/4 microsecond, was
all time of {1 ghts.

subtracied from

As !n past axpariments, a hollow platinum ceedls with & 60" conicasl

tip tapered ‘rom tha lé mil 0.D. to 5 4 wi]l 1.D. vas umed o (nfroduce

the galliuvm (nto the high field at the needle tip. The needla sud high

voltage lesd-ins were carefuliy shislded to pravent col

lection of

secoudary clectrone., The gallium was {ntrocduced lnto a chamber hehind

the nredle before {nstallarion. Sowe gallium wes force
needls and then the needle tip vas coated with & thin f

and gallium oside >y draswing the tip through & dath of

d through the
1ia of gallium

oxide-covered

gallim. This lasc step was oeceesacy to eusurs good wettirng of the

needie which provides 8 foundativn for the emitting cone of ligquid

metal st tha ne dle tip.

The galliue necdls vu. operated for seversl hours beicre deing

veighed to arsurv that & etadle {ou current could be ma

{rtaiued and

that ary mass lcst {n the i{oitfal start-ap ;liviewure wouid oot De

counted in the final weighing. After the inttic]l siartup, Che pcedlie

was coolad to freeze (He gsllium, theun carsfully remcved vithout

disturbing the smitting t{p, weighed and then revlaced.

The needle

vas opersted it : borizoutsl position to eliminsets hvdrostatic heed.

LD. S. Swatik,K Unjversity ot Illioots, "Productiov of S51gh Current
Density lon Beams by Electrulrydrodvnsmic “;raving Techniques,”

14 May 1969.
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A positive leed pressure was required Co maintein s stesdy cerrens. 'f

tid teed praseure wera removed, the current would stesdily diminish over

8 period of saveral hours until emiss!>n stopped. This phenowwnon hed

been obscrved in the past and was ca . . %y a gradual disappe-=ance of

the emitting coce as the gallium

pressure of 0.8 inch of Hg, 6.20

“+ceded {n0to the needle tip. AC a

kv was required to aaintain a cerreat

of 65 uamps (V! = -400 volts). At higher pressures, up to spproximetely

3 {oches of Hg, the current weuld incresce, for s fixed voltage, with

increazed preseure. Above 3 inches, large drops of gallium could be

seen deing pulled off from the needle tip snd the ~urrent would pulae,

2 {on species datermiped from <ha TCF Irgces shown in FPigure 43

are vithin 5% ¢’ tha Q/M value for singly charzed galilua foae: {.¢.,

+4 3
1.27 x 10 7 coul/kg »easured vevsug 1.39 x 107° couli/kg actu . velue of

+
the loaic specific charge for Ga . From this daca and expsr'wests sade

{n May-June 1968, {(t appears that the caly {on species to withi:r ! percent

Flgure 43, TO? Traces for Gall{um lou Bean

Y = 7.17 kv
a
In - 53 yawp

Scope Settings: ] us/cm, 1 umwp/cs
TC? Length: S cwm
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of the tota. fon current s Ca’. At in eariisr experiments, more sess
ves lowt than could be sccounied for fu the {on teem. I the present
experimer s, the ratics of measured sass {lows to thoes calculated “rca
an ¢ .umed 100I {on curreat wera 3.1 and 4.6. The differemce 12 the
ratios wav be caused by twvo factors: (1) tmperfect chielding from
secondary sl ctrons (coilecting electrons ca the positive electrodes
would produce higher peedle currents than were sctually going ‘nto {ous
snd would tend to lower the mase utilization recio), and (2] & feed
pressure dependence {a the mases utilization ratfo, although this has
not epeacifically be:a tested for, as yet. The surrounding surfaces,
shadowed from gallium atoms that sight return after siviking the
collector or walls of the tank but ipn direct lipe of sight with the
needle tip, were costed vith galifum. This source of coating could
only have deen the needie and could not have beet in the form of high
"M {oas which would have sputtered ths surfuces clesn rather thse

coating them.
9.3.2 Cestium

9.3.2.1 ‘fquid Metal Test Statiom

The '{quid metal teef slation for casium (Figure 4b) (s dutgm-d.
to provide clean cesius to s needls for time—of-flight analiyeis. A
view port permits visual observation of the emftting kadl;. Oxygen
contam{natina {o kept st & minimmm by using s lesk-free system czpabla
of 10-6 ma of Hy vacuum after baskecut. Both the upper and lowsr systems
can be baked out to reduce water vapor evolutiom from tls glase. In
c2ditioo, au 'J.!: trap is uced to trep * sidual 3.120 {3 the systes. Low—
dewpotut, oxy~en-free .'Toges provides "= {eed pressure. # cesium
botler distills cesium 1at0 tha stainlees sieel feed line cormscted to
the oeedle. A3 the cesiim 1n (be feed line is used up, the tctal
resistsace of the line chenges. Thias change in resistance {s ueed to
calculate mass ussge. By kaeping s record of the nzedle current levsls
for locg auough reriods, the TOF dsts 1oa spec!=2s cen be used to Jdeter-

aine the mass s'ected (n the {om besa s0d compared with the mass usage
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Li{quid Meta]l Test Stalion. A turdo-wolecular pusp capable
of producing & vacuum in the 1078 tovr range is used to

pump out the bell jsr. The feed systam 's made from glass
and stainless steel tubing. The feed system can be bakad
out. The cesium {s distilled from s botler {nto the glase
tubing ‘st above the 1/8 fach 0,D., 1/16 f{n-h 1.0, stzizless
stee!l tublng. The ccsi{um is then forced th=eh th~ staim-
w88 8leel tubing by nitrogen gas pressure ‘the nitrogen s
dried by passing it through tublog {mmersed in ao LN, dewar).
A view window for microscopic -beervatiom of the nc-;l- tip
{8 used zo take photographs ! the smirting come on

tha needle tip. A tise-of-flight collactor, situsted sbove
the needle tip, (s used to analyze the 1.1 speciss,

sass flov and specific imp_ise of the beam. The resistance
of the Ca filled statnless stee]l tube varies as the cesium
{9 used up. This resistance change {83 .ged %2 2 _erzics

mass usage.
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calculated froo the resistanca changes in the feed line. Resistance
sessurenents of tie casium-filled tube have checked out t¢ within I
of the calculated value. Introducing <esium reduces the resi{ " snce
to approximately half the value for the swpty feed tude. The wmaes
change ts reflected by 2 chacpe {n the fead tube resiviance. As the
cesium coutant {a depleted, the iength of the ces{um—filled region
within the tube can then be calculated from the resistanca change by
tha following:

Let
L » length of stainless steel feed tudbic
L’ = length of section fillad with ceafim
o} = reelstivity of stainiess stcel

e resfstivity ¢! cesium

A = crosc-sectional srea containad withia tublng wail
A = crosse—sactional area of the ces{um withis the rube
z = elactrical resistance slowg ~ntire length of ewpty tubas

= rasistance along entire tube vhen length L' ias f!lled

vith casium
‘I' = resistance aloag leugth of f{.led secticn

H' e res{stance along length of unfi{lied secticn

The following relationshipe bhold:

- .
1 AL (1)
ol KIS 2
L, L. -RU -5 (1

4 4 ' ‘1
a1’ (R L 2 . B
.I' L (A) (A') (A * A') (4
\ i
iparimentslly we pezsure R’ in order to calculste L°. EZquatioms (2)
and (3) yleld:

N U S —t——) (s)
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Combining (4) snd (5) y{elde:

L.t -39 Ge i (&)
or, more sizply:
L} @ - _l_'- @
L (1 -3 (€2
vhare .
a =101+ ®

vhere 2 {8 a coustant independent of the smount sf cesium f5n ths tube.

R’ i{s u2asured by passiag a l-amper2 current through the tubing
2nd measuricg the voltage arop scross it. The mees flov {g thao deter-

mned by the change in L':
MARES Y& (9
The needle current versur tiae is recorded to deterwine the to:al mass

cerrice vy the besxz 28 pradicted dy the charge—to-esss ratioc. These
twp determinations are then compared to determioe the net mass

utilizscion.

9.3.2.2 Experimental Results

Stesdy casium {on currents of up to 550 aicroemperes have beem
obtsined by ion field emission from a hollow Pt wsedls. The i-u epecies
has been tdentified as singly charged cesium. The TOP traces ‘adicate
at least 98% of the besm counsists of this cae {on speciss.

The cesium fcvas originate from emission potors slong the ri= rather
than the tip of & liquid metal cooe as with liquid gallium. Ths besm
spresd varied from 45 to 60 degrees as the currest wes incress:4 from
225 to 550 microeamperss. At 3550 microssperes the extrs~tor cuirest
was 50 aicrosmperes.

The first needle curremts were achieved using s standard collotd
needle placed in the system by mistake. A platiram needle {14 ail 0.D.,
4 wil I.D.) of the type used in the gallium experimsmt (i.0., the out-
side of the tip tapered down in a coue to tha 4-mil I.D.) was voed later.
The difficulty of getting a stable, vell-wetted tip on which t¢: form sm
emitzing cone is greatly reduced with this type of needle.
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After t¥  needls was replaced, the cesium needla vas operated for
scre than 30 wrs. Currents were gene. .y kept between 100 and 200
pamp, althougi: curredta as high as 500 ond as lov 28 60 uamp were obtatned
The sase utilization was wess:-»d by comnsring the mase a8 calculated b
dividing the total coulombs uced {n the besem dy the Q/¥ for a cesium lon,
with that calculated from the resistance change in the feed line ass the
cedfum in 1t {s used up. Thie dats i{ndicsted that at leaat 721 of the
Bass wag turnnd fcto {ons. The chsuce for better zass wiiliration in
future wmeasureoents is good bdecause Lhere wern seversul periods of over-
feed!ng during which microscopic drops of cesius could .. *e~en coming
from the peedle. This of coursa tanded to lower the mass ut.ifzatice

factor.

The needle current was close to being independent of voltage from
Jto 5 kv for the present needle geometry See Figure 45) and wetting
conditions. For example, decressing the voltage from 4.2 to 1.3 kv
decressed the current only 15 upamp, from 165 uamp to 150 usmp. The

current depeuded on the feed pressure more than the voltage.

) g T . i

Flg: & 45. Needle After 300 Hours of Operation with Cesium. Inked
ir Line Indicates Original Shape.
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9.3.2.) Conclusions

Exgmination of the zngcedle after more tham 300 hours of operation
indicated s general erosioa of the nce%lc tip (Pigure 43) cccurred.
There have been reports of platinum-cesium reactioas in contict 1fon
thrusters vhen platinum wes used to braze the tungeten lonizar pleces
together. Availsble metallurgical dsta for platisws~cesium ~ompounds
is very skatchy. It is felt that needle materisls such as tungstem or
stainless steel would be better suited for loug~term operatice with

cesium.

These preliminary experiments with Cs indicate that the potential
of cesium as g high I” thrust source is good although the I” 18 too bigh
for many colloid missions. The thrust per oveedle of < 5 ulb and the
lov power loss needed to produce ions as compared to contact or Kaufmes
type engines make it a highly attractive alternative to thes: devices
in the microthruster range. The I.p at 3000 volts is 6500 sxconds-




10, ONE-NILLIPOUND VECTOR/BLY COLLOID THRUSVER POWER (ONDITIONWING

i0.1 POWER COMDITIONER RIGUIREMENTS

A preliminsry study has heen made of the power cooditloning require~
wente for a typical l-willipound thrust, 1500-second specific i{mpulse,
two-axis vectorable colleoid thruster system. The power comditioning unicz
(PCLY comrverts the J8-vdc spacecrai? bua voltage to ti varics levels
necensary for operating the M{llipound Vectorable Collnid Ihruater (MVCT).
Tt contaius, a8 » aintmm, the ‘ollowing supplies sand functiouns-

» High voitage needle supply

* Extractor supply

¢ Four wvactor electirode supplies
® Neutralizer heater asupply

= Two temperature controllers

The high vslisge needie supply must pru.{de a +2I regulated, low-
ripple OC woltage ia the range of 11 to 14 kv DC, (Cutput voltage
setting {8 fo be adjuastabls in Sud-volt steps.) HMaximum output power
ravicx, st J& k' DC, is 70 watts. Short-circuit protectinn (s required

to protect the pover comditiovner {n the event of thruster arcing.

An extractor supply is requirsd at a regulated voitage level
equivalent to 10 perce~t of thw needle suoply voltage. Wattage razquired
is essentially wegligible. As with the oeedle supply, short circutt
protection is required during periods of thruiter arcing.

Fach of the four vector electrode supplivs provides s variable
regulated output voltage ranging from 0 to 6 kv DC. Each pair of supplies
ts commected to provide s reversibie polarity output to ovoe pafr of vector
electrodes with the {ndividual outputs referenced to the needie potentisl.
An external low-level analog cowmand sigoal estwblishes the resultant
output for esch pair, trereby controllise hesm deflecticn. The ocutput
#pttpee of the vector supplies o verv srall, brt short—ctreuts nro-

tection must be provided i the event of thruster arciag.

£




Outpu? peedle supply current is zense Lo previde =m indlcator of
mass flow. This aignal (s furnishdi to the {eerd sveiea *s.preratuse
controller, ¢ontained within the PCU, which acts o coatri) feed systaw

pressure. An estimated 1 wvatls is cemirolled in this functiua.

e second temperature coutrolier contained within the PCU provides
high accuracy control of the oeedle mcdule teroersture. A predeler—.eed
set poir {s established and cumpared with the signal Jzrived froe a
thermistor loczted at the thruster. Approximately ]l wett of thrvster

heater power s required.
10.2 GENERAL CFESIGN CONSIDERATIONS FOR POWER CONDITICYER SELECTION

The selection of a particular overail spprcach for the PCU rvielding
minimus weight, maxisum efficiency and high reliability rests primscily
on the particular circuit approach utilized for providing the high v .rage
needle pover, since this output comprises the bulk of the totsl deliverad
power. Two spectal characteristico of this load are the requirement for
a very high step-up ratio of the primary source voltage to the required
aeedle voltage level, and the occasional presence of interm'tient output

arcing.

The step-up, accumplished througn —aventional techmiques involving
a primary power switching transistor s#nd a bigh ratioc transformer,
presents the problem of high reflected capscity ov the primary side.
This capscitanc. primarily derives froe s complex combination of trsang~
former strzy capacritances, Juch as secondary laver-to-layer lapacirty
and wvinding-to—winding capaciiy, the total of which is maltiplied ov
the square of the step—up ratio when reflected to the primary circuit.
The high trrasformer tums ratio also results in & mmit yleldirg rela-
tively high leaksge inductance due Zo the need for added insulztiom to
stend~of ¥ “he high voltage belwee: primery and secomdary. These f{actora
combine to adversely affect power switch operstion. During turm-om,
for exmwie, following efther an ocutput short 5r normsl eyuipment aiart,
a high charging current flows through the tranststor isfo the discharged
reflected capacity. Since the power transistor initially sustains the

full toput voltsge in this cnndition, a severe trwmsient stress occurs
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which say fall beyond the "safe srea™ capebdilities of the device.
During turn-off, the effect of high leskage {piuctsace ssnifests
{teell {n the savueration of high, snd poseibly excessive, tramelent

voltage levels acroes the power tramsistor.

Output arcing represents sa overlosd coediti{ioa vsoging snywhere from
terc ispetasce @p to the rated losd velue during which protectiom of
criticsl semiconductor components susat be sseured. This arcing {s high is
M1 -fontent and mevy couple through output tramsforwer windiags to zhe
primary power circuitcy through common mode impedances resulting in
severe atresses being placed on the power switches., The charging of out-~
put fi{lter capaciance to the high output voltage required, subsequemt
to the ceesstion of an arc (or during eguipment turm-on), say, depending
oa circuit chotlce, also unduly affect power switch stress.

Other fectors influencing *he seiecticw of a basic high ostput
voltage ctrcult coafigurecion are: the relative eease 1in implsmeatiag
redundancy thould reliablity coasidersticus so dictate, snd the influence
of the primary curreat svitching veveform (as affected by basic circuit

choicr) om system lnput filter size and weight.

Yor any PCU svetem soprroach selected for this spolicatiom, s
re¢latively large mumber of parts vill be required to implement sll! the
various functioes and requitemsnts. This, slong with the need for i(sole-
tioa of the very high voltages daveloped by the PCU (through imsulatiom
spacing requiresents, etc.), will result is a disproporticesate system
weight for the amount of output power procsssed wvheo compared to other
systeas supplying '-eds at comventiocmsl voltage levels.

10.3 HICK VOLTACT SUPPLILS

10.3.1 Description of Candidete Cogvertsr Cigpcuity

Theare sre three candidate regulatel DC-DC convertor aspproaches
ca; e of providing the high vcitage requirements (needle, extractor,
md vector electrode supplies) of the PCU:

s Square vave (nversica type (SWI)
® Pulse v.idth invarsiom type (PVWI)
s (IZS) or snergy-ladling type
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Plock diagrsma are chowa (n Figures &6, 47, and 43,

The SW! z9pa cuncietad desicrally of m foput filiter, & fixed {rasquency
evitching msodulator (duck typa lise regulator), ead s unregulated DC-OC

coavertar stage (fixed frequency squary wave {overtar-traasformaer-rectifiar-

ouiput filter). Ouiput voltage (g semeed sod compsred with » voltoege
refereace in sn oparstices]l seplififles which, {n ture, comtrols the owitch-
lag wodulator stage via a duty-cycls gemetrstot. A fresuency etamdard
providas the timiog funciiom for thw {mverter and sodulator steges. Over-
load protection for the coaverter 1s obtained . rough a ceparate contvrol
loop by controlling the duty-cycle gumerator {rom s signal sensing

covvatrter ouipul curreut,

The PY] tyve consisty of oo {mpwt filter, & suvitching power sdulstor
of the pulse-width foversiom type, a trunalicrmer, rectifier sod output
f{lter. It s characterized dy high sfficiency and low weight dus to the
cosbization of regulacion end Inversios functicas withio one power switob-
iag stage. Censiung and coatrol of output voltage scd ovarloed protectioce
are implesentad in a gimilar mscoar to that described for ~“he SWI typo

conreTter.

“hw IES, ap enerzy ladling type DC-DC couvertir, cousiste of sm iogput
fiiter followed by a form of switching power modulstiom wherein sn ioduc-
tive alement storee and delivers enerygy cyclically to am owtpwt filter
s«nd the load. Tha tramsfermazion functiom 18 slpo schieved (n the indwc-
tive element. This systes s cherscterized by bigh efficiency aad iight-
weight with an sdded sdvautage that, during ocutput fsults, the powsr
switching slement withic :he scdulator {s a0t subjected suvidesly to : e
fault load.

A variety of operating sodes snd ouipet woltage seasing, comtrol,
and powar switch drive cosfiguraticas are available, their cheice depend-
ing ca the particular tyoe of smpplication izvaolved. A saparste coetrel
loop pruviding overload protection is not required (o this type of com-
vearter since it is inherestly schisved. A wore detailed descriptiom
tha basic operatiom of the IIS cowrvertar is givem in Appendix A.
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10.3.2 Circuit Tradeoffs for Needle Supply

The general design cone{derstions noted o Sectiom 2 f{adicate somm
of the 1 -tent factors to be cousidared in the following paregrsphs im
comparing t.. 2lative amrits of the three basic comverter appruaches for
satisfying the high voltage needle ¢ -put requirements of the XK¥CT power

conditioner.

10.3.2.1 Step—up Ratio

In either the SWI or "Wl c(cuverter approaches, tha high voltage
transformer—vrect{fier-output filter configuritiona {s sn {mportant coe
sideration. The utilization of a saltiple -onfiguration, wherein
several individual transformers and rectifiers are cascaded to dewlop
the high output voltage, cffers the advantage of & signif! 2ot redectice
in reflected stray capacitance vhen comparad to tha single cwtpet circsit
coafiguratioa. The 14 kv odeedls output can be provided by using five
transformers witn primary windings 'mnected in parallel sod i1ndividoal
secotdaries counected (o s“varatz-saries~connected, owtput rectifier-
filter comdinations. Figure 49, shows & simplifisd schemacic of a PVI

wnit.

The determination of the mmowat of reflected capacitssce reductiom,
tbough appreciasble, 1s difficult to assess in the geseral case owing to
tha specialized oature of conrtructioa techniques availadla for wee ia
the design of minimum—weight, high-voltage tranaformera. Signi/icamt
reductioos {5 megometic winding insulstices voltage stress (and, to o lasser

exte , leaksge inductance) in the individual trsuaforwmars of the multiple
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scheme, due to the decressed turns retice schieved, may oot be fully
reslized aince the interwinding insulezioca must stand-off the full
output witage, resulting (n added weight over the single ocutput circuit
configuration. Despite this limitstion and that of a Dizher part cowst,
the use of & mulripie configuraticus ia aither PWI or 5W! converter
approachas is desirsble to obtain 4 large reduction (n primary circuit
raflected capacity.

4
3

Figurs 49. PWI Couverter with Hulti;'e Tranzsformer-
Rectifiar-Filter Configurstion

The IES or “energy-ladling™ cooverter utilizes an inductive alemant
e singla travdsistor power switch and an ouzput dicde and capscitor to
simaltsoecusly schieve conversion, regulatioq and transformatioa functicas.
(Ses Figure A-la, Appandix A.) The output voltage {s & functiom of both
the {oductor primary~to-secondary turns ratio and the tre~wistor ov-time
to uff-time ratio. DBecsuse of the added flexibility of...sd through the
selaction of a suitsble ou/off ratio, & high output voltsge can be obtained
with & such-reduced magnetic device turne ratio, theredby eliminating sy
awed for a mulliple output circuit configurstiom.

A sha:p reductioc {n turans ratio, obdtzined in this manner, dose mot
pecessaarily lasd io & corvesponding reductive i{n the effect of primery
toflectod otrsy capcily. In s couverter designed to operate with a
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rectangular, or sctually, trapezoidal primsry current waswvef{are, a lasding-
edpe current spike occurs during the traasitios from the ewitch "off™ to
“oa" state. This srices from a combinatiom of wne effects of reflected
capacity (ae it 1s brought to & full reverved charge) and output diods
rscovary. By dseigning sn IZS coaverter to vperate with a triszogulsr
primery currect, these effects are essenctially «liminated. Ia this cice,
st the omsat of the ture-om period, the ocutpet Jiode curremt has deceyed
to serc thus allowing full recovery sand the ~eflectel cspacitamce is
essentially discharged to zero and does not have to expariemce the other-
vise {ull voltage excursioc at the transitica. Thusly, ths effact of stray
capgcitance is further reduced over that achisved through the reductiom

{n turns rat{o.

10.3.2.2 Efficiency

Cartain basic problems exist in the dasic IS coaverter for which
CIrrective smasures are raquirsd to echisve the high efficisacy desiradle
in eiectric propulsion applications. These relsate to the Wargy storage
inductor power lcee (a functiom of leakage inluctaure snd {netantaneocus
PI.MATY curient), power transifior ewitching loes, aad output rectifler
recovery. 3Ipecial circuit modificst!™s have besn developed which
ovaccoms these basic prodblems, vcaliing tha sttaiomemt of high efficiency
in tails cComverter spprosck. These, briafly, comsist of asdded passiv-
petworks which (1) recover i{nductive ewirching snergy to minimizs emsr3y
storage inductor power loss, snd (1) pbase trsmeistor current and voltage
during switching to cbtain essentislly serc “ramsistor switching loss.
Ostput rectifier recovery loss, wot paculiar to the IES approech, cam bde
effoctively eli-inated by proper circuit comfigurstiom sech that diode
forward currwat goss to terv before volisge reversal to the blocking stats
is initiated. This tecluique requires the wes of the trisagelar primary
(and saccedsry) currest previcusly {odicated. Of itoatf, the diode
recovery loss mxy be tolarsbie but becawes of the effect of the Tecovery
curreat trsusisnt rellected {nto the primer winding (wvhich induces doch
large current damends on the powir trausistor during off~to-om transitioms
= ringing), 1t 1s advissble to utilize the trismgulsr curreat tachniqoe
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wvhare aaxims. <ffictancy {s to de odtained. The higher peak strsss level
that wuet be tolecated {n the power transistor, aloug vith sn {ncreased
{nput filter veight (over that required vhen rectangular or trapezoidal
currents are drawa from the power scurce) sust, in the finsl anal-3ls,
be balanced agsinst the minimiizstion of recovery oroblems (and rvilected
capacity) through the use of triangular waveforms.

The M1 and (XIS coavertery are inharently more efficlent thia the SWI
typs becausa the prinary source power wmust, i{n the latter, pass through
two, rather than one, saturated semiconductors. (Figure 50, shows a
eimplifiad schematic of the SWI coaverter with a multiple ocutput circuit
configurstion). For the needle supply spplication, efficisocies of
approximately 93 percent may be ottatined in the former types with the
aid of speclalixed design techniques snd modificsations. The efficiency
of doth the PWI and SWI com .rters i penalized from the effects of
traneformar half-cycle to half-cycle volt-second unbalance and inverter
transistor storage time. Thesa two factors result (n increased {rverter
switching losses. Ia the PVWI couverter, the dwnll period scts o preclude
the occurrence of the lattsr effect (except under low {oput line voltage
conditions). The nat difference tm efficiency in these two coaverter
systems (PWI and SWI) can range from 5 to 8 percent.
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As vith the IES converter, recovery losces in the ocutput tectifier
diodes of PWI or SWI covverters, especially high woltage tyves, represest
a significant lossd factor largely due to the effect of diode rucovery
time oo the switching characteristics, hence losses, of the ioverter
transistors. This affect is wore proocunced ia the SWI type thas i
the PVI cype.

10.3.2.) Overloed Protecting

A particular sdvaatsge of the IIS and MWl comverter sppruaches ia
thruster spplications (s the fact that fast duild-up of owtput currest,
snd coasequant surge stress i(n primery switching elememts, {s prevented.
In the formar, the primary and secondary windings of the evergy storzgs
icductor are oever directly coupled with the result thet the power
transistor in series with the primary does aot experience soy sudden
increase ia current during severw couverter overlced or short <ircufit
conditions. Ia the PVI couverter the output filter inductor limits the
fast builduwp of output current. For these couwartare “elatively simple
aod slov-acting overload protéctive measures cau be utilized. By com-
trast, the SWI converter spprosch requires s ssparate, fast-response,
coutrol loop for overlosd pretection of the igverter tramsistore. This
entails extrs parts for s outpul current semsot and an opersticsal
(feedback) smplifier.

10.3.2.4 Weight

Total part count i3 a primary factor im compariag tha weight of the
various couverter sppruoachse. In this regard, the IES coaver :r has sm
inherent sdveatage arising from the f2-t thsat {ts power stage i single~
eoded Tather thaa push—pull and that 3 sultiple owrpst circuit comfigura~
tion and a sepsrata, fast-respcase, overload costrol loop sre mot required.

Another factor is the total combined weight of required casverter
aagnetic camponents. BRoth SWI and PVI comverters requiie the use of am
averaging or L-C type filter; im tha former, it is conmected after the
pre~regulator power switching tramsistor, vhile !a tle lstrer, it {=
comected following the output rectifiar. In the IXS comverter, the
enargy storage inductor combines both tramsformatiom and filtering
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functions, GCenerallv, therefore, the eneryv storage f{nductor of an LS
converter wiil weigh more than the -utput transformer alove 1o the other
conver.or types. However, in applicatioas where high voitage (s {(nvolved,
{nsulation becomas s critical factor in establishing component weighr.

For the needle output requirement, prc'iminary calcuiazions have ilndicated
thst the weights of an energy storage inductor ‘or sa IES couverter and &
sultiple ({ive transformer) combination as used {n either a Pul or am SWI
converter wou.d be approxisately the same (1.15 1d). Further, ino the case

of the PAT converter, the output filter choke contributes significantly to

total part weight since {t . required to stand-off rhe full output voltage.

Even .. 2 multiple outyut circult coufiguration (rigure 49), each filrer
choke, noeinally designed for a winding voltage streos equal to the outpuc
voltage divided by the numbar of seriesed unity, wust stand-of{ the full
output vvltage 20 ground.

Offsetting somevhat this advsctage in favor of the (IS roavertar
approach (s the additional waight that would be required in the cocverter
fnput filter vhen operating oo & triangular current basis. Ourput fillter
capacitance veight is alsv incresased over “hat required for szmn SWI

converter. On balance, for this application, the [ES coaverter should

vield the least total part waight.

10.3.2.9 Reliabilite

The relisbility of 2 correctly designed {ES-type comwmrter is
basically superfor to that of other cocwvertar typse, oot ouly because of
the relatively small part count inherently required, bur slso because of
the msmner in which siresseas tn all the critical semiconductor elements
are contrvlled undar all couditioms of comwerter operation. Operaticoal
redundancy, i{f required, is easily implemented by coanecting aseveral

'ur;)-—hdllr-;" 2ircuits into a cowmon output capacitor.

10.3.3 lacommendad Converter roech

from tbha precoding tradeof! discussiom, 1t {s seen that the IFS
coavertsr approsch has the grestest poteantial for providing the combined
characteristics of high efficlency, high celiabiifty and lov weight for
the high voltage supplies of s wectorable colloid thruster PCU.
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The figures previously cited for efficiemcy of the veriows coaverter
approaches represent those attainable with optimm circuit design tecd-
niques snd the best space—qualified parts und materials available. Little
is gafved {o trading off sdditicmal couverter weight for incressed effic-

iency. In the preseant output voltage and powmr ramge, the compooents
which are ascrmally traded off (such as megnecic davices) represent s
relatively small percentage of total comverter losses.

Coaverter weight, normally caly o functiom of part count sad best
tranefer requirements, (s, in large msasure, greatly dependsat ocn high
voltage {nsulstioo requirements snd, in a poo-redundset coafigurutica,
would probably oot vary more thas 20 percent for ssy of the coaverter
types considered.

Ueing part failure rate daca developed from recset TEVW Aastsllite
operating experience, the part count vecessary to sugply the collotd
thruster high-voltsge requiraments in soy of the coaverter approsches
discussed is such that a reliabil_ty goal of > 0.98 for 10,000 hours
can be achieved {n & non-redundant comfiguratica. A reliability-weight
tradecf?, therefore, i¢ oot applicable.

10.3.4 Vector Electrode snd Extractor Supplies

The IES couverte -Oyrosch {s ideally suited for supplying vector
electrode and extrsctor cutput requiremsats. FMNectiosally, rthe reguire—

ments are for high roltage biss supplies, normally prividiang a nagligible

output current yet restuiring overiosd protectioa.

The extractor supply cam be simply derived from the oeedles supply
1S comvarter by the adaitiom of am extra winding ocn the emexgy storoge
inductor mnd sa output rectifier amd capacitor. Obtained ia this
fashion, the 4xXtIactor ouiput woltage can be designed as s fixed per-
centage of tha osedle supply voliage with the requisitrs ripple,
regulation sud overload protection features.

la the cass of ths vector electrode suppiias, four variatls output
voltage XS couvertsvs, comtrolled is a2 wique sarmer, can de op~rated

indspendeatly to provide, in psirs, the required reversibis polarity
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deflectiocn controis. Each coaverter would produce 2 regulsated ocutput
voltage up ¢o  »aximus of ““~ut 1 wett, io reeponse to an gxternal
analog command signpal. Above this level, the average output pcwer
decrasases since the convertey becowen, effectively, & constemt curreut
source; overlceds ot short circuits do not reflect am increasing power
eource draia. Ip oormal operstiorn, the level of juiesceat, nr no-loasd
current dravn can be maictzined very lowr with tiw use of 5 recuently
daveloped powe= @t h control technique featuring automstic adjustsent

of the coovwerter on/off ratio.

The wvestor electrode cutputs are raferemced to & fixed I-kv level
below the needle potentia’. For sny required deflectiom, the ovtput of
esch pair of converters, individusiiy varisble over & zere to & iv range,
{s conmnr-ted =0 a@ to pruvide suy “otential withinm z band of +3 kv apout
the needle potential. For rxerv degrees deflectiom, Individual (onvercer
output iz J kv, resulting in zero voltage potential “etween the two
deflection plaiew and between the dell. ticm plates and the oeedle.

10.4 L% VOLTAGE SUPPLIES

Thres low-voltage suppilies sre required for the -olloid thruster
power conditioning unir. Toess are the arutralizer, the feed syetam
temperature comrtrolier and s ceedle mod: G temperature couty-ller.
Total power output for all uitree supplies swuncs to less than (D
peicant of totsl PCQU powes.

%autraligzer hearer power is effictently and oiemply amtrollea
utilizicg an AC output, seriee saturablie reactor circuflt. With this
tyge of :xatrol, 8 comstany sverage output curtent 18 saintaived with
& constant low-level input curremt conrtrul signel. 4lso, thie circuic
nrovides a Jdesirable wufi-start capability; 1 e¢., during cemtralize:
tare-on, cutput current i sliowad ¢ build up slowly to the dawirs
leval, Circult efficimacy is a funcgiom of the operating frsquency
and welght goals. Typical valuas fall between 9i ard 95 percen. for
'w low cuzpur power level required (3 w).
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fdigh—-aeccuracy tamperature cootrel circults, either proportionsl ov
on—of f types, can ba easily ionplemwntrd wtilizing, for the wost pert,

integrated circuirtn, and they have slight fapect ry PCU syster efficiency
md wighe.

for tha feed eystew temperature cottroller, the input eignal 1»
derived ‘rom sensing oeecle supply owtput current. Tha DC curruct
aositor circuit csm be best implemented as a DC owtput series asturable
reactoz circuit. AL power for both the current somitor and the seutrzl-
izey heater coatrei can be simply obtai. ' from a small (3 v) Loverter
circuit producing & squuire weve output. Total ertimsted weight for the

low woltage supplies 1o approximately 0.3 poumd ceing a 1 kifz {nverter.
Estimated nowey loss (s less tiza ) werts.

10,5 RECOMMONDIU POWIR CONGITIOVER 319TEX

Prem the tradeoff discussiom of the preceding paragraphs, & bSasic
PCU gysteom that reflsctfs the best compromise in obtaining desired
efficlency, weight snd relianility rheracteristics, can be recomssmded.
An atated previously, the implementacion of the newdle cutput wuwpply,
vhich sruvides the bulk of the req-ived power, at very high volrage, ‘s
the kery comsideracion. For this, the I¥: comwarter, primrrily va =t»
groonds of reliability and eificlency, sbonld best provide the ipecifiod
rewul rewenta.

.. recommended PCI syscmm 16 sbows 1p D oack diagras form s
FPigure 51. Included are the ILES zouvertess for providing all the
high voltage outpurs, the peutralizer heaier control, the texpy-aturs
concrollers xnd as input lins £ ltei.

The filter cmgblae the MU 10 mies systam DML requiresents by
prevent ing iars- culrent excuwioos fros being reflacted to the lopwst
torndimals. Iz alw ettenuates sudic frequency disturtbhasces present
an tha input lins. Telewecry uipote arz oot shown.
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Proo preliminery cslcuiations, t'w wwight sad sise of The MU cag
be spprvimarely ¢ powsds and 250 cubic (wrew (87 x !T 2 87}, rewpec-
tively. Totsl system efficiencry, a! 3 dased on preliminery calculaticse,
ts 38 percemt. Raliadility for a 10,.00 “our uiceion ifs, soing lateat
spoc—uwte fasilure rate data, is calculyted ‘o be 0. 990,
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11. AC ARD PULSED OPERATION OF & COLLOID SGURCE

11.1 IWTRODOCTION

This rasearch ves undertahsa tw extend preseet knowledge about the
operazion of A colloid courss o3 AC and pelocd voltages. Scudice ot
AFAPL (Ref. 11-1) had alresady beem performmd with eismsoidil weicege for
s range of {requancies. Studies at 12N hed cheowr successiv. Julsed
opevation. The aain directicee of 2ffort were: {1) to develop 5 mutlod
to seasure faithfully the instamtanscws asedle current, (1) to Llavesti-
gate the jet formation nd ...lepee tims by studying the moedle curvesc
response to 8 pulsed voltage ca the aatractor, (J) to develop a low
capacity spark gop that would ailow time-ol- flighe (TOF) sealysis om
doth peeilive anl asgative cycles, (4} te parform the experiwemcs im &
sytten that wiuld allor ~ratinwous obuervetios wader s microecope, (3}
to use phese-syn:hrcelzad stroboecopic tlluminetion to obeervx jet
formatiom and collapse diring the spplied voltagn cyclae, (6) ¢ recog-
oize problems associated with lerge cspecitive curtenis sad bandle then
by resoansnce techniques, sod (7) to extsad the frogquency beyoed 30 kisz.

The chronological progress of the rsssarch is prassstod iz thde sactios.

11.2 RESEARCH PRCCRAN

During the firsc monty of the A wod pewlewd collold researth sffove,
8 oaw AC disgnostic tesl sration wae completsd snd put in operstios. A
balanced differential stteutwetion circwit for ditect cecilloscope
recordiag of instantsmeous tree neoedle curtest wue bulit ssd tested.

Twe sxperimental runs weru then wede. The firat teeted the wes of
tha differsmtial atteomator with AC sodu.agion sigmele; chs secend
tested the use af « triggered spark gap se 8 fima-ef-Tlight seitch.

Sive vave signals from 14 He to 7 kils fraguen:y =ed wp T 2400 v
(peak-to—peak) amplitods wors spplied to the axeractor of ¢ single—wsedls
coliold wodula. Tha seedls voltage was +) kv: the extrsctor bias was
400 v, and the sverage omedls currva: ves 7-9 pa. Ae expected, strong
noor-linsaritiss 1n osedle cwrTast resposes vere soted. The woet
iatiresting results wars odbeaioed for mes wm smplitude siguals of 140
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aad J20 Ra. A2 tha lowe? {requsmcy, wesdle currint appoaced €o otoyp
complataly for about ) milliszecoeds aed raturned (2 & ssvise of fowr
"stops” aver the mext 1 oilllseconds. 4t the highetr frogquency, coaplsts
iatartuption loeted for o little over L sillisecond, omd the ture-cva wee
woch smvothar. It appeared that se woduiating siguals, rectemgular
pulser of veryisg durstion would be core revealiing :Sam 2ine waves.

Tor the second rwn, rectimgulsr peloq trains of veryimg éuraiiom ond
copslition rats were sppliad o the extrector. The pulse traise veve
welified to epproximstaly 1500 v peak smwplitude waing & vacom-tvbe ond
sRup-wp trewsioryar clrcwit. [n ovrder to coapsussts for the tilt i
prles wavrefore 2t the ocutpul of the trsmefovmey, » lig ostvork wss
acurporated s the aplifier taput. This allowwd the pulss shapn o
be sestained ot wmaxirs ssplitude for sdbout 2 williceconde betosw snset
of tramsforaer saturetion. Flauwss 32 shows curves? ae msasarsd st the
TO¥ collmctor (eppruximetely 2 we)., The wartical ecals is | wa/division:
the borissatel scals 1s L nillisecond/divieion. The three trmcae (n the
wppar rwee showr tuto-on aflet of {-tise pulsse of 2.1, G.13, snd 0.3
willisecrndn, raspéciively, =0d i the icwsr frass ofZer pulesy of 0.4

and U.7 millisecondn.

Figure 32. Lollactoy Currsnt Wavefcorws Yollowing D€€-Time Pulass
of {a)} 0.1, 0.15, 2.7, sod (D} 0.4, 0.7 o)lisnconds.
dorizmatal ecale (s | millisecond/di~isim.
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These rescuits eare iapertamt for twe major reassns. Yireg, they
show that the curresmt caa bo coopletely stopped by euly s frectiomal
redvction of the voltage. Thie will aske the powmr-—comditionisg fovr
pulsed operstion simplnor sed more afficient. Socoudly, they give
claar isaight into the machamisme of formstiom aad collspee of the jacs.
1t appears that winor rullapse occurs in 0.1 es, antemsive cellspes i
G.5 oo ad almowt complele collapea 1a 1 me. Complete reformding of the
jut cakew sdowt 3 we, depesdent om the dagres of cellapee sad mes
1ikaly the degres of rver-voltage. Ths 30-millisecond readjustuest
period maticesd wadar the pulsed work (s probably sssocisted vith the
fluid sotiom undar the jets. These tius scalss sre consistemt with
lster cbrervatioces of jets forming and collapeiag Below 100 Bz while

temgining scebls throughout the cycle at higher frequencies.

Yor the imitial attempts 2t time—of-flight sassurwment of beas
charactaristics, a ctommercisl spark gap, type C¥~22 (ECIC), wvas uoed
insswnic® 20 ir was readily svailsble. With s wegmtive trigger spiks
sppiicd to the gep, s sdditiomal 0.003 yfd cspecitence was reiuired
at the needle to enadble the gap t> f{irs complotely. Even them, &
significant delsv and considerabla jitter werw sbesrved so that the
rasulting TOF trace wes 0ot & good {ndicstion of besm comditiomss st
the instsat of the trigger pulse.

A soall triggered spark gap wes thes duilt weing two mstal dDemi-
spharss of about 1/) cm radiss with afr dlalectric. The trigger
slactrode vas centared in the grounded electrode. C(ap spacing was
adjvetad to give the wost telisble rriggering ia the working ramage of
neadle voltages. Additionsl capecitamce wes sot required ia order te
allcw this gap to fire. As with the larger gop, the trigger arc wes
followed aftar s msasurable time intervel by tramsfer of the sre to
the main gap which then switched off the meedls voltage. The ssaller
grp reducsd this time interval from somsching cver 100 s..croseconds to
about 8 microseconds.
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Using the dalamced asttenustor circuit ae well as collector curremt
resdout , EvTe Bessurements ware ssde cf sendls curren: respomee In step
reduciions in accelerating potasntisl. The following qusatitative
results were oboerved: from am {atr'el 7.8 kv accslerating poteatial,
8 step reduction (positive wiltage stop cw extracior) of 1000 wolts
brought tha asedle ~mrreat tc zero after 1 uillisecond; & 2 kv steyp
stopped {t in half that time; sud & step of leos tham 1 kv could mot
complately interrupt the currest. Ouce imterrwptsd, the currwnt ook
from 2 to 6 eilliseconds from the end of the pulse to restore itself,
depanding oa pulss samplitude and duratica. Tha twro-off {nterval ves
alsc dependeant to a uipor extemt om propeliset feed pressure.

Batter lLipedsace satching detween the sudio emplifier and the step-
up transformers improved doth the smplitwde smd rise time of the
modulatiocn signals. Whea AC and equere—vave signals of +5 kv peaek
smplitade were apylied ¢c the asedle, collector cwrrent pulsss were
poticeeble, but new difficulties were revealsd in the sttevaator
circuit. 1a particular, with conCirucusly varying needle voltagss,
redistridutiocns of alectric charge om {neulating surfecas (particularly
at points of trassient dMgh-field condit{ious) gave Tise to micro—arcs.
These arcs becemw & severe source of noise {s the ocutput signal s¢ pesh
peodls voitages over abour 3 kv. The attemmeror circuit was thew
rebailt, giving wore sttestiom to sywmmatry amd electric field comsidera—
tions. A new slop—wp transfurmer wes dasigned to enable operstiom st wp
to 410 kv, AC or square wveve, st frequencies of 100 Rs or higher, with
eithar eingle or dipolar wodules.

Contimmd work cm the spark gap, revswlting in the design showm
echamatically in Figura 353, further reduced the resposse timse. The
Jesige comsiste of two spherically curved surfaces, oms groumded amd the
other coomacted to the thrustsr oeedlie. The trigger alectrode 1s
coaxially located in ths grousded elactroda. The gap elsctrodes are
forwad by rounding tha ends of two /8 ~ 16 bolts positionsd inside
a threadsd Plexiglss block. The grounmd alectrode screw {s drilled to
accopt a }-ev 2isas tube which octu as & cocutainiamg i{msulacor for the
trigger elscirods wire, amd also extends the leagth of the trigger spark
o0 a8 to inatantansously shortem the effective gap specing. The maia

-140-

—— ——

. -,

P mama SN o o me e b e e e ———a s et

— e - - - L mmemee—— - © mem e e i e ———



o — - — -

TO NEEDLE

MGGER

GLASS TUe.

Vigara 53, Triggersd Spark Cap Deeigs
g0 spacing s adjuated to sbout 0.2 toch, which is smfficier to wid
off 10 kv. The end of the triggsr wire is Di.aght flush with the swrfacs
of the grounded elactrode, and the end of the glass twbe 18 axtemded to
about hs'fwey between the main electrodes. Trigger spark po)srity is
typically nade tha ssame as the needle electrode, so that at the {astest
of the trigger spark, the breskdown first propagstes from trigger te
ground electrode, thea the main discharge occurs im tda short gm detwasa
the trigger spark p.ssma and the needls electrods. This deeign sdde very
little extra capscitance tc the needle clrcuit, snd triggers reliasbly
from a faw hundrwd volts to over +10 kv.

A 15-kv trigger puise for the gap is provided iy ss £.C.C. type
TR~69 trsasformer driven by a Type IN4102 Silicom Con rolled Rlecctifier
(SCR). A transistor amplifier stage triggsres the SCA from either a push
button or am electrical timing pulse. The timw delay from inpwt puise
to main gap breskoora is & foirly etable 3 usuc. Thus it is posoidie to
trigger the gap from the scart of sn ocecillcecepe sweep snd record
collector current begimming approximately 3 microseconds prior to the
time-of-flight spark. The caset of the mais time-of-flight trace is
signalisd by a smell noise pulse supurimpowed om the trace.

A special trsnsformar was wound wsing a 1.3 x 1.3 square wtack of

KI-150 (0.014 thick) lsminatioos ss the cotre, sand heviag 280 twrme,

Bo. 27 wire and 20,000 turne, No. 42 wire cauter-tapped, o8 primeqy and
secondary. The sntire unit ves vecwum potted im epoxy. Uhew ‘vivem

by the 60C-ohm omtput of a Y-watt Kcintoeh sedio mmplifier, it delivered
10 kv (rwe) betwesn esch end °f *he secoodary swd the csoter tap st 7O Hs.
With s suitable lag network between the impet to the swdio smplifier amd
& syuAre—vave genarator, it was poseible to costrol the tilt in the owtput
wavefors 4own to about 60 Ha squars weves (depending 0o amplitede).
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Squere~veve fiva time for a 10-kv smmlitude {2C-kv scwrciont is 1210
microsecounds (167 volts per yeec o)>wing Tets), ®xesursd with ove sod
of the secondary grounded, cenier tap open. 3imilasly, e seximss eine
wave tequency for 10 kv peak output wes about 1200 Hx. ile trescforeet
consideradly sxtemisd the needla woltagw capebiliry.

11.2.1 NeOR - Glycexol Propeliant

A propallsnt mixture of 1 gm Xa0M to 29 al glyearol wae wsed »icd
a pletinum needle of 0.0l4 fach 0.D., with DC, 4, puleed, and sgquare~
vave nredle ~vitages. ¥o quantitative dats could da tsbex dacouse »f
the very erratic nature of the beam performanca. Opersiioa on UC wax
charscterized by sudden bursts of current of varving asplituda, esch:
vith an approximataly exponential decgy. With sach burst, 2 yellowtus
glow orpesred at the peedle tip. ALl tims-of-flight zvecan shownd a

proocuanced {on >esk.

The differemca bevwwen the perforzance of HalR doped glycerol gem

here and that reported by Burson (#ef. 11-2) {g thought to be due to forws-

tion, in our case, of gas bubblas within the platinum needle, vbareas this
spparently wes pot a problem with the sieel neodles. Anslysis of thae
ime—cf-€1light data showad in one csed a significeat colony of droplats
with a velocity of sbout 77 km/sec and average charge-to-wmass ratio of
.9 x 105 coul/kg. The mesrent quantized value of 3.22 x 107 « ~eres-
yoods to one h* vith 3} glycerola. smee other typical musbers for
overall tracys were: positive half cycie - X.’ = 2938 sec, (Q/H).” -
47,637 c/xg; negative half cycle - Iw = 2435 sec, (Q/ﬁ)‘” - 31,847,
It might be wall to try a smaller coaceatrat..a of WaOl dopiag st some
future date Nowever, {n order to establish a firm base for comparisca
of M. and puised operation with DC operation as seen sisevhare in our
1aboratory, it was dec{ded to returs to the use of Ral - glycerol «t¢

this C1lmm.

11.2.2 Sine—wave and Square-Wave Opergtion, Nal - Clycerol

following & drief rm under DC conditions, comparisoss wera mads of
oeedle operstion st 50 Hx sios vave, 500 Ex sipe wave, and later at &0 As
square vave. During the DC operaticm, several TOY traces were mades to

detataine the character of tha .eam as a fuscticm of voltaga. It was
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found that the relative frectiou of extrumaly fast particles we
oegligible for needle voltages bdelow sdout § kv, snd incressed raptidly
with voltage sbove thst point. Comsequoently, tha operoting voltage for
the 30 Ex sine wave wae kept below the point vhere a largs fracZlom of
fast particles would sppoer. TPigure 34 (s 3 she2ch of the nosdlae
voltage vave form (V) sicwring a solid line durisg the tims curceat
apyeared, the current waveform (1), end two vaivee calcwisted from

TOF pictures — thrust (f), and !”. Curreac (snd hemce th- st)
appeared {rom about 60 degrees tu 130 degrees during the puuitive half
cvele and bdetween 237 degrees and 307 degrees Jduriag the n+egative swing.
Specific impulse and average thruet were typically lower oa the negative
side. i@ aversge thrust over the emntirs cycle was 6.03 ulhf.

At 300 Bz tha parformances as indicated by I0F pictures was radically
differeut. The current pulse durztioa wes stiil about 70 degress of
phase sigle, dui shiftea sbout 10 degrees later in the cycle thm at
SO Hg. TOF traces showed s predomivance of [ast particles wiil wvery
late {a the cycle, when the current snd voltage wers doth low. The

pictures did st look particularly promisimg, and wers not soalysed in
data’l.

Opezatiog. of the needle vith spproximately ¢ Nz squars ~sve ie
sbown in Tigsre 33. The upper trsce in the wpper frams 1s samdle
voltage et & kv/divicisn; the lowar tracs is collector ~urremt. Ia the
lower frame, the collector current signal s soperimpoeed om tha needls
current signal derived from the balanced attsaualor circuit. TOF traces
takem at verious times during the cycles gave thm regunlts showa ian
Table 1l1-1. The sverage value of rthrust ower ths cycle {s 6.11 ul)f.

Data repcrted in Table 11-1 ware takes at intsrvals dwring a
three—day period following en initial startup. Whem not sat for
operation !n some other wode (for exploratica or data taking), the mode
of operation was 60 Hi squars wave. Total comtissous opersting tima ia

this sode wes probdably more than 50 of the lsat 58.3 elapaed howre of
this pertiod.

~143-

A -

P e

b g w Ao ol o o s

R T T L
- . e i 3 o e e .

X

*\

®

@ .




B4

19 JER 29

Y-

-~ qﬂ -

wdﬂqh

50 Bx Single Eeed.¢ Performunca

Figure 5.

~144-




Y gure 38,

60 Hx Square Wave Performance - Upper Prama Yeedle
Voltage (Upper Trace) and Collector Current (Lower

] ¢
: i
- ®
’ -
» q
R 4
[ ] q
[ ] ]
[ ] {

Trace) versus Time; Lower Frame Collector and Noedla
Currents Mormalized and Superimposed.

Table 1l1-1. TOF Resulcs for 60-Hx Square Vave

t X'p 4 (q/w} v, 1 ] n
{msac) (vec) (be) (coul/kg) (xv) (uwA) (ug/vec) (D)
1.0 437 4.6 1508 6.1 ] .3 52
2.0 648 5.4 320 6.1 18 5.4 71
3.0 190 1.2 49153 6.1 28 3.7 74
4.0 315 &¢.7 5230 6.1 28 S. 12
6.0 733 8.2 4230 6.1 30 7.0 74
7.5 754 6.3 4540 6.0 24 5.3+ 74
9.0 AU 7.7 155 -6.1 ~16 21.¢ 53
11.0 414 1.1 1152 -6.1 -~22 16.0 32
12.¢ 621 5.6 3042 -6.1 -23 1.% 53
14.0 738 6.1 4293 ~6.1 -5 5.8 66
15.0 745 5.4 4379 -6.1 -32 5.0 67
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Yoilowing thé spyroxiaetely 50 bours of cperstice at &) Hx square
veve, the oeedle and extractor wre ramoved from (he vscuume system for
ermminstice. A considerable deposit of dark msfertial was ceeu om both
the neadlo sod extractor plate. Somm roughesing of the surface of the
wesdle rim wee 8lov ooted. A 50-hour rvm was Chem neds weing & oew

woedle and extractor plate aad DC operatiocm to werify that these effacts

would sot occur during sorma’ DC operatios i{a this fecilicy.

11.2.3 Pulsed Moda Operation

Ia TRW laport 07131-6019-R0-00, Colloid Microthrustor Lxparimeat
No. 17, pulsed opavation st 1 pulse per second, 250 mmac pualse durstioce
was reported. Thera was aa {nitial period of ahout 70-80 wmeec d¢nring

which current amplitude wes low snd consisted of fast particles. Tollow-
ing "a sddi{iiocoal fev williseconds, veedle parformance reasesdled that of

DC oy .ativa. Using the high-voliage trzneformar, we ware able to
genarate 8 msac pulses within a 40-wmeec period. TO7 traces indicated

that we were alway: within the fritial turn—on transiemt.

11.2.4 Pulgec Operaticva — Off Time versug Feed Pregsure

An s.di{tional facility, amia available for use om this project,
festured a small stainless steel box thet served ss s needls wounting
~hander. Tha bdox is of about 5 incl square croes section by 9 inches
loug snd is fitted with three }-inci-diamstar plate glass windows
through which the osedle sad extrsctor plate may bte viewed vhile in
operation. Using s short-range telescope (at 20 to 50X wagnification;,
sevural photomicrographs wese ssde of the array of jets at the rim of
an opnr ting needla. One such picture {s showm {n Figure 56. The
axis of the osedle sné pripallaast fesd tube were sounted horizoatally
vo that it is possidbla to cchieve zero {or slightly negative) feed
pressure. A pumber of cxperimental ocbservations were made as d.scribed
ia the foliowing.
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T Figure 56. Photomicrograpi: of
) g colloid needle im
operation. Total
accalerating voltage =
6 kv, Current is 11 wA.
Optical focus {3 ocu the
near ria of necdle sad
T shows about a dozew
: current source:. By
- adjustoent of cptical
% focus, about 3 such
o jets ware counzad
3 around the rim of the
; seedle.

Neassurameats were aade --aich
gave an estimate of the maxiiam safe
voltage off tive {n pulsed creratliom
as 8 functica of feed pressuce and

operating voltage. The rasuits of

DA ‘: these seasurements are shown in
Figure 57. Following volt:=ge
turo-off, the first effect cheerved

vas a structural collipse of the spraying jets. TYollowing this, the

fluid filled the needie tip, then forwed in sequence a positive wcaiscus,

a hemispherical zeniscus, and finally a large drop saich wer the cutside

of the ~eedle, sagged, and dropped wway.

The point in this sequence considered to ba 2 maximm safe szandby
condition for a non-operating needle is the hemispherical meniscus,
inassuch as, at this poin%, capillary forces within the drop are 22 thetir
maxisum. Fortunately, there {s a vay of datermining the moment vhm a
given meniscus size has been arrived at, although determinatiom of tha
exact droplet wolume {s not very precise. The method consists of zpplying
a very lov valur of needle voltage (about 1/3 operating value) to the
peedle. This voltage is then carefully adjusted so that the droples of
desired size is unstable under the action of the electric field avd a
portion of it is pulied of f and accelerated. The messurement is the time
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riguve 37. Tima vequired to form epherical “rip at tha weedle tig
following s <tep raductiovn in needis woltags dalow the velue for acrmal
oporytion. TLouger Uimes srw required for iipher !niziasl voltage,
sndicating there iz less fluid with iy the rim 5f tha needle &t higher
voltages. Thesee plots ars & seasvze of the sanlmen exfe of f-Zime is
pulsed ope: -tion.
]
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intarvel froe reductios of needle voltage (from eperating reles ts thia
low~r point) wnzil the {iret large droplet is ewpeilod. Throa oess ef
asasurceants are plotted in the f{igure iodicatimg that tHo devdh withia
the owedle tip to wshich the (negative) memiscus fe drewn alse serics
with needle sccelerating voltage.

11.2.3 AG Operatiom —— Fhage Aggle Pecendeoce of Jets

Odservations of the jet structure o the rim of 2 5 ly {a AC
operstion were msde (n s msnmer 30 thaZz the phess segle depsdewce
could be cbeerved. This was sccomplished dy illmviceting - @ weodle
tip with & stroboscopic flash umit rriggered o€ & nlightly dtfforemt
froquency frow thet of the AL woitags appiled 1o ihe moudle tip. Jeth
the veedle voltage waveforw sud the scrobe trigger peine ware sbeerved
on sa cecillcecope 80 _“at ths phose angle of the light flzsls could bw
Jatermined.

Observstions were suede over the freguancy tamgs of 40 %z to 500 Bs.
At the lowest {requency, t'm collapee ¢’ thu jetz detweon succeseiva
alternations of the oeedle \oltage vaz alevet tvepiste sl formatios of
oew jets required a lerge fraction of assch beif cyele. AT roewhal
highetr requencies, the collspee wxd omly partial witd the gruatast
collapee occurring just after tha xaro crossieg ¢f voltsgs. .Jot stree-
ture during posilive alternations cwesablsl wsry cloeely That darisg
oegative altamatioms. AL frequancies abows s tew humdrad cvclaa pay
socond, toe !ef siruciurs seansd not 1o collapse woti-ssély bBetween
poe!tive and negative alternstions. Essowsacs ecfacts were sot obewrvoad.
Apparently the dampisg ves of & Nigl ovder. it syposared thaf the
dyrami- effects obecrvad vary related Jaly 9 megmitwiss smd freguomesies
of electyric fileld wd {luld wechanic ! forces, foeemmck ae a9 evidomce
of effects dus to the »olarily of the alesztyic fleld wars okwerved.

11.1.6¢ Experiwmeatsl Modificaticag

Probhleww sasociaced vith capacisive curiestis were Mcowing excwweive
&8 we procaadiad (2 hijhar rroguency cpeystiom. Righe:r fruguewies {(to
about J kils) »sre schiswed with the origiss) trmmeforwe. by wwisg & kigher
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powvt driving smclifier. Previously, the sesdle currunt would fall ac
the highar frequencies because the amplifisr cowld mot supply the higher
curvents ansociated with the chargimg and discharging of the distridmted
capacition, sad the voltage would 21l end Secowe trissmgular »izh
aegligible time ot the pwsk volilage. The saw smpliffar corrected thisg,
but tihe Nigher froquescy opetsiiom caused problese associsted with the
spacitive curremt drsvm Dy tha prupellsnc 1a zha glase fned lins. THis
curteit caueed gay geoaration, wes variabls emad cowld mt de omlied ow
20 as to grt & masningful »edeurement of the trur needls particle curreot
from thwe divider circuit. Also, -aall stray capacitsuces i the divi.der
preduced improper woltage division ot all frsquencies 9o direct needls
curtest wmasurwaents wvacve chscured., A frv med?®-22:008 cers effected
to belp the sizuatioe. The gless foed tube wee cryplaced wirh » low
capscity mwezal lina., A dusevy copecity was uwaed {= a bridge circxit to
plzulate the nwedle &0 the divider ocutput would ot read reecrive
cerrents., The dividers wwre redestigord. Nowewsy, for high freguewy
swd for aquste~wvave vparation, (r wee still difYiculk to sccurstely
seaznre “he currestl from the asodla. The registered xole TUF collewtor
was inatalled znd operated with the needla {n poeitive to De ovecrvad
througd & micToscope wild cometant fromt light ov sizobed back light.

later, a trzmaforaer techmique ves dsweloped for dicscy observatiom
of ssedla current during AL operstiow. The origimally lutendsd sethod
of measiring the sciual instastaneous vaedle current (pnot currest coalected
Wy a TUF collacto-) uillised sccursataly compoasalsd al7iaselofs aclives 8
pecies load resistor (s the seedle circuil. The reduced differencial
voltage was mmitored by mm cecilivecupe. It was found, bowever, "hat 1t
was ‘spoasible to dalames owt the large total meeile witsge flocrustios
{~6 kv) auffic’mmtly enongd to soc (4 small voltage drop acrves the load
rasinzur. The ecupa adjustroeats woold drift T™he attepuslors wwrw 80<
exsctly identical at 2ll frwquenciles. Also, there existed a caguicitive
aendla current umdreds of Cimam the valos of the emitted cerrsat. 'his
wos due o the capacitames of tha needle sasemkly snd the acttached feed

ayeteam.
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Thee  pichlaos ware suruounted by weisg o epacially ;h-.LM
current trassforimer. The primery is 4,000 turpe comter-taspod, >xmad »
om a Teflow dobbin. The AC voltage is applied to the comtst tap, the :
peedle tc ona dide, aod oo adjustable, high-wvoliane tuaing capaciler to ¥
the athar. The 300-turn secondory 1s torvinetad with 213 8 sad commccond
to the 1 ev/ca loput of wa ocscilloecope. {em wizrosmperes L1k thy primary

coudss A0-aicrommpers flow through the 13-obx gecondary ioed, tree s b
producing 1 aillivolt eod l-c scope daflactice. It wwe {ormd deeicadlo HER
1o shuat a 200 % 3 ,eviator across the prii:r, iz dex vz owell st Lovw

.o to the disliibetod capacity an! lesksgr tnduciomew.

The tramefotmuer {2 mounted 1o oll im a wawtal box., THe low fre

e e iy -

quancy iweponse 15 liuwited by an L/R tise constammk of abuw D.01 occomd
{172 aad 138). Righ frequency responss in (ia'tew ¥y Isnkagr (ndwctiace
and distridbuted capecity to about § alcroeecomda.

11.2.7 ©Outpide Needle Wetting . »

Watting on the slde of the neadle durisg & .es investigated.
Provellant would lsak owut onto the siie, them Duliise &nd 30 pulled off
s ‘ats at 90°. The bubblicg was probedly duw 1o Wyhrogea evoluticam
resulting ‘rom eiectrolytic actiom caused By eizsctrous strikicg the » )
fiuid surfaec. This vetting wes Dot as sevwrs #1L2) SqQUATC? weve operatioa
at the ssme frequency or DC operatiocm, sl vom lssr ssvera af bizher '
frequencize. It wes surmiced that the modmisziom of thy Yorce propovtiomal
to ‘2 #wcmabhow 2loshed tha liquid over 28 2ide es the Jes formsd wsed
collapesd. Tor squars wrve operstiom, !2’ w3y a coastact sxzaplt for the
brief vwitching time. TFor highar Irejquencr M. oparsticn, the jetsy 414
oot collapsw.

1i.2.8 BSeedle Curpent Yersus TOF Colloctyy Curpewt

It was found ~hi. gas genereted withia zhe lfrvid at the tip resuitud

T e e
w

1a errstic operstion {f the aat oeedls curiwst wme soepstive or 4f elec-

trons bombarded the ligquid durtiog pewitive operalism. To cliuvisste
electrou bombardmant, a cagstive voltuge vee gppiied [ toe scesigruior ;
(just as ia positive DC oparatiou}. This {acreased (ke fieid surisg 10

{
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positive opersiica, tawiily an uabslsmcz of cur~wmt (somatimee the
BeR” . .e curTent was gterv). A comotant asgative dias was sppliod {a
warlas wvith tha AC voitage (o Salamce the 2et curtemt to slmost ser?
{21ightly poeitive (o prevest gae formeciou). These equwrl curresis
vers indicated by the currsat trsssfovesr ocutpat e well 20 & DC
nzCor 12 sarise with the oeedla. Aa wmtriad sllermats solutive to the
above woill Lave Deen to wee am AL extractor :lae 180° out ¢f phase
uith * = ‘sia seadle voltage.

Th. currects wessured ou tha TOF collector did oot generally sgree
«1th those {ndicated by the meedle ¢ “reat mou!tor. The collector
indiceted less Oegative curremt. 3Sisce the collector had registetrwd-
doiee and variatiom of the bisses hed oy aifect, this discrepuaxcy wes
ivds amd 30€ @ndaretood, UHe fesl it wvas zesocisted with best spreed
2i3ce it 1a hoown that tha collector did oot catch the satire “eem.
Thetrs was slso evideonca nf low sogle dusm scactering off adjecent walls
into the collector. It 18 prodebdblie that 2cattar+dé oegative particlee

prefereztially ‘cee thair charge. It (s hard to deliswe that the negaiive

hals cycle has & highar bosm sprasd since etroboestopic visual obeervariom
of the reedle Has shown that st soderately high froquescles there atv oo
chasges {n e@itting &t structure batwees posiziva god segstive half
~yclae. 1f, bowrver, soms of he ne;2:ivs asedle curreat wae Irom the
sides of the oeedls (typlcally quits dirty daring AL operstiom), thes the
coilector might have Dwen scrurakely indtcstirg a ses.lsr quancity of
segative calleid particlas.

11.2.% Typical AC C(pergtion

xtamdad AC operes”iom Mss slwwys reselted im 2 pitred zendle with
fosming ligquid, crystals, smi tar om the outsgide. It was hoped that
careful operation withowt cver-voitiag, mod with proper potsatiiia to
}-wveat gas formstiom, would prevemt these eifecte. Bowever, rwpaated
reetarts pivceded by careful polisking of the peedle mmd DC atartup bas
always produced ocutside wetting smd material growth during AC operation.
The piiting, bowever, .ae tedv-od and probedly was 4 resalt omiy of

arcing whick can be cootrolled.
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. 11.2.1¢  AC Power kequijwesaty b b

A socond high~voltage trsusformer was designed to ops. te botwesa , &

. 100 Nx and 10 kiis. TYhe trencfcimer ¢imessions wre roughly &x7i8.5 isches.

It veighed 35-40 pounds, includiag encapsclstios. The high pewsr required ‘

to gemerste high woltege at high {requency withest power factorv correctice »

{reeonating) tnitislly was wot fully recognised. The failure te ackiew

kigh voltage at bigh frequency wus bdlaced ca the traseformer. Umfectwn~

ataly, the capecitive loed that is driven 13 smch larger tham tbe éle-

triduted capacity of avem our old cremeformer. oo the sew tramsformsr

with lower distributed cspacity did oot lesean the powsr requirsd. The

original 30-watt swplifier could achieve only a few buediod cyclas ot ¢ kv

res. A 200-watt amplifier a_.lowed cxtepsiom to over s kilocycla. Nowsver,

this amplifier failed, aod the only amplifier st hamd wes *0 wwets, which ;

wes just sdequate to achieve sdbowt | kiizs snd & kv 7me. The empliftisry, ' »

when supplying a capacitive loed, must dissipate all the stored emergy om '

the powar tuba anodes, thur limiting tubs life. The obviows smswer to

this problem ves to reduce the loed sod to shemt saa {aductzmcs acrose the

—— e m—— e

amplifier output. The loed wves reduced by reducing lesds to incomvemiestly

shert lengths, alimfnating the seter, speark gap, cod curreat trasmeformer ’ L
(and dumary capacity). Yo comstrwcted sa isductamce to reduca the loed
e the amplifirr, snd ({a this msaner ware sble to work comfortably ot

1 kiz and extend the msesurements to 5 kils, vith the mew Cramefozmsr ia
conjusctica with the P0-watt Mclstoeh smplifier. Y

11.2.11 1-kHz Operation

lamg-tera l-kilocycle siswseidal oparatiom of & 0.014 {mch O.D.
platisws needls woing /10 Nal-glytercl propellamt was typified by b
growth of saterial om the weodls exterior (Figmre 58) sad poor ;
efficiency. Tha poor sfficieacy wvas dwe ts the basm's Aigh fomic com~ 3
pomeat. This s 1llustrated i Tigwre 59 vhers tracings e wmde of i
polaroid pictures of the scopefacs. Trsce (B) talla the story: the %‘
currest consisted of sm 1aifisl barst of high apecific impulse particles i ,
with mostly 1ome as asalyzed im t'w time—of-flight trece ia (c). Moot
of the sass flow {s rapreseanted by the rurroac is & tralling shomlder.

. 4k,
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Tigure 58. Microphotograph of neaedle after
26 hours of 1 kiis operation.

T™e efficiency during this period was high ss seen by the trace in (d4).
The story during oegative opetatica {s sizilar, se sean in the lazter
half of trace (b) sud the tiae-of-flight traces in (e} sad (f). This
operstiom was not peculiar to 1 kflx; with the needls in the cooditiom that
produced the tracas of Pigure 59, operatiom at sll lower frequamcies

to 30 cycles produced the femiliar epile sond shovidar pattars similar

to trace 11-8 (b).

£1.2.12 S0-kHs Operatiom

Using & 50~ to 2000-tyrm trangformer om s farrite core with s atr-
gap ia oil, and reducing the capacity of the aseedla current to 20 pf, the
system vas successfully rus at 50 kEz. At this frequemcy, detzileed time-
of -flight snslysis is impoesidle because the curreats are not of lomg
emough duration to 1tesdy—etats populste e sppreciadle volume sud the
slow particles ¢f a givem pulse are soon overtakes by the fast particien

of the next pulsie. Also, {t wvas necessary (o remove our time—of-flight
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Figure 59. Vaveforms {llustrating
typical 1 XAz operaticn, (s) ocedle
voltage (b) current om TOT collector
(oo zape) (c) TOF takem st pesk of
positive current showing scetly {ocms
(d) TOY takem ou positive shoulder
(a) TOT st pegative peak (f) TOF om
negative shomulder. Collector
distatce i3 30 cm.
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circuit to reduce the zapacity. However, qualitative odservstions
could be wade. The operation was veary similsr to lowsr frequencies

if not smoothar. Collactor curtent secondary slectrom ratios indicetad
fast loa peaks as at lower frequeacy. Visually, the jets arowmd the
tin were élmilar sod very stable, Outeide watting still occurred, but
poesibdly at a slower rute. The net curreet still had £o bde dalanced Yy
iacluding 4 negetive voliage in series with the AC needle voitage to
of feet the negative eitractor voltage used to trep electroas during
poaitive operation.

Soms information wes gaiced by obeerving the collector current as
s function of collector distsnce. Theee currsuts aro ehown {n Figure 60.
A phase shift (s s2en, This shift of sbout 8 anicrosecoois tn 60 c»
indicates that wost of the recordad currsot comsisted of bursty of fast
fons tamiliar to us from the DC work,

An attempt to ansiyre the (/4's by a macsenf{lter wes abandooed
after so experiment yielded currents too low tc raed over the aoise.
An electrostatic snalyzer (whose vrsolulion was degraded in sm acCtemnt
to increanse {he current) was placed 1n “romt of 3 sassenfilter :md the
whole {netrument pivoted to iook at the peedla from vericus soglex. The
hops had been to analyse the charge-to-mess disividuticem, at werjiouwe
voltages (or phases) ss selectud by the clectroststic evargv-enalyzer,
both positive snd negative.

11.2.1) Direct Thrugt Mesgsurement

Figure 61 shows tha fromt sod _ack of a arioging hoosycowd
collector ussed to messurs the thrust of a casdle working st 30 kMix. The
wagnet was used for damping, sad the wirror oo the dack csed o wessure
the sngular deflection. A tazlsecope with croes-hairs ia the eyepioce
tocussed om the reflected imsga o/ & aillimete: scale at & 144 cm distance
This prodoced a millimeter displacemmt of -~ wge for & 1-1/2
micropoeund thrust.
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Pigure 50. Collactor current ot
varying distances from the needlr.
() 12 inch,]l wicroamp/division
(b} 23 {och,]l wicrnemp/divisiocn
{c) 34 tnch,0.] microsmp/divisican
5 microsecond/divisioa.
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Thrusts were {irst measured with the needla operating 0C ‘rom S
1.3 aicropounds to ] micropounds at cucrents from 9 to 13 microsmperes, }
wltages of 5-1/2 tc 7-1/2 kv, aud feed pressurss from 0.7 to 3.2 isches

of m..cury. bWhen the nredle vas cperated st SO kix and the same fead i
pressure that gave J micropounds DC thrust at 15 microsaperes and 6.2 kv,
the thrust produced was 0.3 micropound st 6.5 kv peak, 1.4 aicropouads
at 7.73% kv peak, sand 3 micropounds at 9.75 kv pesk. Frevicus expe:’emce
with AC operation would suggeet that the currents wowld de quits large
at this highest voltage — suggesting a poor efficisncy.

Littls wes learmed from the thrust measurement sxcept parispc the
obviocus: almost as such thrust cen be 2 “i:ved a8 ope wishar by ower-
driving = needle with more voltage, but the sfficiency sad life are
Jegraded to unacceptable levels.

11.2.14 Maximm Pulse Periods

Propellant sccusulated in the osedle during the OFY peariod is
rapidly used uwp during the ON period. The poeiticu of tha fluld wil)
then chang= during cperefion, the zsount depeoding oa the nize of the
needle (storase capacity) and the smouat of mass used d¢iring the (W
time. The cperating characterisctics will slter with the positiom of
the fluid. Durfag the pulse, the curreat snd a decrease snd the specific
{epulse increases. A tolarabla change of these parsmetsre thst does mot
wnaterially alter the overall hrust sfficiepcy occure whan aboet 1
aicrogram of propellant per 1,014 inch O0.D. owedle is used im sach pulse.
This wass is used in about 1 second wheo the geedles ar- opersting st tha
maximus currenl density consistent with loog life sod a. 2 specific impuise
of 1000 sec. This mass reprusents only s small sount of propellast
prevent at the tip of the oesdlis—about s 1 ail depth charge. This
l-second OX time would be sdequate for a satellite spinning ss slowly
as 195 revolutiocas per mintue for a duty cycla of 25, Tor a siowsr h
spinning satellits, or as a looger pulse for any other ressce, the
current deasity could be reduced, or larger peedles couid be used (the

storege tims sbould go as the square of the needls dimenstion).

~159~

.




11,2003 Wintoww ™ leg Pe~iody

Cpticel viewing of the jete srowsd tle rim of tHe resdls chows them
coxcietely collapsing during the OFF time. Whea the volitage 1o respplied,
a time sprrosching 30 milliseconds {8 requind before the jeis =re all
{oresd aad thy operstice becomes steble. Dueriag thiz trameitic: period,
scoe jete do oot yel experisnce fleld -wductiom dwe to the prec:icce of
sdlerest jets. This priiuces excessively fast particlee snd leige mambere
of wolecular ican. BRigh sverage efficiencias thus require the X perim!
bo lomg encugh for thie lw efficicucy trmmsitiom period to be cegligidle.
A loag OR pertod, exceeding 0.1 seconds for inetssce, them puts a lower
Timit oo the duty cycle of operstioa. TFor cxampls, st 1 pulse per secos?
{80 ppe) the c¢fficlency {8 ssricusly degraded for a dwty cycls balow 152.
¥or 120 ppe, the duty cycle should de cver )OI,

11.2.18 Power Conditioming

Pulsed pover supplies uwsed in the lsborstory for expedienc:’ hsve beer
sizple utilizing e series reesistor and a shunt tudbe to lower vcitage sad
otop euizsion, dut have deen foefficismt pcwervise. Por spece :ypplicatios,
a lightweight efficfeat umit 13 required. The sain comcern in :he design
of the uait 1s %0 rapidly remcve the voltage vithout weeting en:-rgy or
usiag heavy, power-consuming devices such as vacvum tubes or thyratroes.
Fortunately, 8 colloid engine cam be turped off for the require<d tise by
raducing the voltage by sbout 25I. This allows a comveatiocsal 'C power
supply, 6 kv for example, in series with a rapldly OM-OFF cycled 1-kv
aspply. The 2-kv supply would use s soderctely high freguency, squars-
wave dridge rectifier circuit so that a emall filtering output capecity
vculd be needed. Tha voltage would de dropped to zero by etopping the
oquare wave input to the step-uwp trensformer and firing s strics of secies
high-woltege SCR's oscrose the output to discharge the filter caracity.
Energy loss dua to stored magnetic flum in the transformer caa ts eliainat:d
by starting aud steopping the square-wave drive in the middle of its
coaduction paricd. The enargy lo+t in discharging s 2300 pf fiitering
cspacitor (approximstely 1I ripple st 1 %c end 1 ma) from 2 kv i3 ocaly
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¢ wllijoulen smd 15 megligidie vhwa oporaling ot low repetitien Iatew
sainly becsuse of ibe lov voitage. Termem charmctorisiice end witage
cvatrol dering the Ol time wight be weid ts iegrvws the eolisld engise's
operation amd efficiumcy, but otierviss the regulsti~w, ~~="rel, prorivice
cr varylsg input comdilione, etc., 47E Comvews lsmal.
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LI1T CROMTRIER
1o, SINGLF LAJXEAR %LIT7

Work scoomplished oo the afngle alit modwle thiv yeay wwe & diceek
continuatlco of work dcoe on the 1967 praogras. Owly 6ix rume warz tade eiih
the moduls, and work vas suapsnded in July., Those rwris totaled 34Q bours
opersting time, the lonyert bdeing 140 dours.

A significant techaclogical adsamce wes schisved by the wea, fer the
f1t2¢ time, of »lit edges of platiows - 20X foidiwa allsy, 2 svdatoece
with auch greatar aachipabliiity thes pore pletiowsm. fewme oF the slit labeio
cation problexe ware zreetly voducad by this step, sodd ovar 50 bwure of
rvnaing time demoustrated iis vesistowce ¢o ewlactrovhemicsl ervaion.

The higheot thrus!t demaiiy achiswnd from ¢ salt gecwstry This yeer cass
from a single elif rus -~ &) . 1b/inch at 1700 2coseds emd 702 affiziemcy.
This {s prodably a good upper limit for presemt techmclogy, althoagh Yighaz
thrusts have been achieved. The 80 uib/imch semider wae obtzined for & hours
of relatively troubla free opexation. Duriag the ;ase rea, the mdels rsa
for 40 hours et 40 uld/inch snd 1650-socomd i”.

Thrusts reported here and elsevheare ia this sectiom are wncorrectad for
beam divergsnce and energy los., a correctiom of 8-10X.

At the beginning of the proram, the linear slit gecwstry (LSC) effort
wor faced with thres dasic probless to overcoam. Thees waie:

1) Exceseive beam divergence. The LSC novwaliy rums st aboat 20° half-
angls bess spread. This (s al~ut twice the desired goal. A half-emgle of
10° was obirerved ocace, but wvas never repeated.

1) High eou .e voltage. Voltsge reguiremmets sre still ca the order
of 15 kv for this gecmetry. N¢ way has besn found to salve this prodiem
other then sdequate high voltage power comditioning.

3}) Low thrust demairy. Weile the LIC has yielded & wuch higher thruet
densicy than the standary oeudle, the goal of obtaiaiug s reliable 100 uld/
inch has not been realized.

During the early part of the yesr soother probiem dsveloped. The
extremely fine to'~rances on the slit edges, and the softuness of the plati-
oua, mada the fabrication of new slits and tho refinishing of old slita an
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extreesly difficult process. The probles was alluviate’ sowswhat by the ’
pilstizuatridius sli2 odgn, dut a0 Cruly s7etlematic (sbricsation tezinigues . 4
ware evwt warthad out. Sc®e ottowpts ware made elomg this line with the

dowble slf:, and thcee are discussed in tectiom 12.1. All of the sforemom- .

tiveed prodimms require {rther eclutiox beforu L3C flight Svstems cam be ’
#artioualy prupoead.

12.1.1 Rua 6812-04: lLow 3ean Spread

Werk beean ia Deceamber of 1968 wbax the single slit medule was 1= ia
the CHA test station to detesrmine the effects of varying daflector gecsmtry. »
Tz vominel deflector satiing oa the single slit had be. , 12 th» pa.t,
40,040 loch oa either side of the 2110 adge aod 0.023 tinch !n frowt of ft.
Por this rus, the deflectors ware set ac +0.017 inch om aither side of the
2iit edpa, 30d 0.007 inch {n fromt of it.

The 8lit wes run for spproximstely I bhowrs, at s net faed pressurs of
i {oches of By and & voltage of 14 kv. tThe defleczors wers set s 2.3 kv
aod & kv, to compensatu for a thrust wector exror. The ressce for toe
arTor wes apparent. After the rom, the lateral deflector displacemeats
vere msasured again and found to he 0.021 inch md 0.012 ioch. The draim 4 o
curTent to extractor and both deflectors was negiigible. Owver the duratlfoa
of this run, the besm curren: ranged from 60 to 70 microsmperms current.
The sxtractor woltaze wes veried datween -1 kv mnd -3 kv, sod the eifect of
this variation ou performance was not noticesble. The thrusi efficiency »
was 857; specific {mpulse wes 1,000 zoconds; thrust was 10-1) wicropounds;
maas flow rats was 2.6 to 1.0 wicrograms/secord; and sverage Q/M was 20,000
to 26,000 c/kg.

The importsnt result obtained here was that placing the daflector
slectrodes cloeer togetbhar apparently hes the effect of narrowing the bean
spread. The nominal helf width 3f the bewm was cbssrved tc be abowt 10°,
and 90T of the currsat fell within these limits. The total besm spread
wes about a third of that which hed beam obeerved previowsly. These are -
sll rough measuTements based om visusl observatioms. »

' 12.1.2 “un %812-07: 142 ¥ours at 2000 sseconds I.

14
oo 6812-07 was asdc using the same slit that was used for scveral

axtendad runs. The placemsat and positioning of tiwe slit elZe ralstive to
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ths deflecior electrodas sod syiractor c¢dge wets 8 presicusly ssed. The

tes: was again rum in the CHA syet. ' with s 'wriscoatral 1.5 x 4 {sot chamher.
Several siditions were meda to §rovi'e a shetdows cspabllity in case of ower-
curTent opwraticn. Aa sutomatic {sed presousre puapbeck sywtsm activated by

& sansitive overcusrent relay praveniod ('aid frow wdkorting out he oloectrodes
{s casz an arc 07 oudden curreut surge activated the overcurrest relay. During
the rum, the slil perforwed wvery well wiri 20 degradeticn axcept during the
lass few hours vhen the alfs oo ieni o |y cdms ewried . A2 2hat tisd &8

obsiraciion 1o ohe foes vlacuam wh. ™ hed reeslzvd s fadreeds i Foud

presanrs Teum k.3 1o 1 inthes f Sy oo ey, Yo THEIS Boury Sudweaeast iz,
e 313T vaa 81 3 figme (e corwal gees Tlom. Tha szt prodosced omesws{vo
bean apread (+20° se coupered fo ke 13T dofing the previces 130 bowre),

»ith resuizliog besw (=mpingesws?l on the daflectica electrude, axmtracter, sed
pround plane. Poat-opsralivs (nspectica rywvesled tar formition aloog the
emiiliing sdge of the {Tt. 12 wxz felt zhat this tar foreed during the

perici of excessive beaa spread. Tha slif had, wetil thst time, opersied

very smoothly snd with a rtelative narrow deam. Afzsr the pericd of overfesd,
the beas srresd remained +30°, wven at reduced 2. The faed plemom ws foand
o have bSewn pluxged with ¢ gsl-! ks wetavial (#s vel mideniifisd, det
posaibly siliccne grease) and fina fibery. [t we= this matecial that gave way
during ths paricd of i::rsased feed, resulting in the overfesd.

During ihe run the slit wes operatsd at 16 kv, the deflector electrodes
at 6 kv, and the extracter at -1 kv. ¥xcapt for the period of overfead,
the X.p vas kopt adove 1000 gwconds. The slizt was opersting stsedily at the
fairly high thrust level of 25 ylb/inch frow the 19th to the 100th mowr.

In more detsil: The first 10 hours ware run with 1.}  *:hes of Hy feed
pressure. At this pressura the carrent was 40 & yssp. Thae thrust wie
approximately 6.2 ulb (8.5 ylb/in); the efficiency wos 63X, aad the &
averaged 1.23 ,gm/sec. During the first 3 daye of cperstiom, the alit wee
idled svernight ai negative head pre: sure with '.ut « 13 kv. Tha idling
time was not counted {n ha total running tioe. After liiiog owermight,
the slit was operstsd for 8 bhrwurs at 1.3 inchesr sod 3 alit cervemt of
30 uamp. After the last idling period, at the 19th hows, fead prussure wes

set at 4.3 inches of Hg ad left st that pressure watil the 125¢h howr.
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From the (9%ta to the 130th hour, the curremt ran stasdily at 60 usmp ¢3 .omp.

The thrwat stayed at 13 uwld (23 uld/in), n =632, erd 0 stayed st ).6 _gme/rzec.

Afteyr tha 100tk hour, the feed path gradunelly piugged up and ths currest

dropped to 36 camp. The pressure wag then (ncrecsed to 9 fLiches snd, four
bouts latar, 2o {3 inches. The currsat reiurued to 6U uvemp, tha thrust to
1% uld, sd the 2 to 1.6 uga/eoc (all the welues ,ceviously obtsinable at

4,95 jochss). The elit rem stably for the remcinder of the day, but during the

aighs the piug opamed vp camaing the ulit (o overfecd. DBy morming, & hod
viswmx tu 1.1 ugmieac, end the Desm syvead had (ncresscd irrewersidly to
+80°,

Bed 6 {ilter been placed {2 the line, the ptodlem of srerfsed would oot
heww occurred e9d (T seeme llisly that (U0 hours could have deen attained.

12.1.3 Buwr Bo. $303-02; Platinue—-Iridium Siit Tdges

T™a single slit module vas rebails with elir edges oda of platinue
iridium. The oTiginal oxtractor snd copper venc deflec.:rs were used.
Thae deflectors were set st 0.030 {och ou either side of the slit edges, «nd
at approximaiely the same height. The module was installed in thae & inch
vacuud svatem, the sain objective of the run being to test the srosion

characteristics of the eslit ed ew.

ihe total rmming time wes approximately ) hours. During its worwal
opersting hours, the slit behaved extremsly well. The slit voltage was run
at 13 k3 o the first 15 hours, and 14.5 kv for the laat 1%, There was no

extractor or deflector drain curreat.

Dering the first bhelf o€ the rum, the slit woltage was 11.3 kv and the
current wes 43 uanp. Teed pressure was held st just undar 2 izches an’ the
deflector woltags was about 6§ ky. DUnder thase conditions the effi{-iency was
60 percemt; the I.’ was 1262 sec; thrust was 30 ulbd/in; flow rate was
10 ugm/eec/in; snd average Q/H wes 9,300 c/Xg.

During the second helf ¢ the run the slit voltage was set up tov
14.6 kv, and the fesed presvure wes dropped to 0.5 {nch. This hald tha elit
curnmi constant at 45 vasp. All other conditions remeined the same. Thase
sattings secceadad {n rairzing the I_” to 2200 sscomds, but the thrust wemt
down to 20 ul%/In.
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The module was set to zerv fred vreseure so! allowed t> {dla owernighr,
and Over moet of the wveakend. At the ood of the woekand, & fallure weas
disrovered in the fors of a amssive curreat drais te both deflectore. Wam
the module was opened, t'ars wes 00 sign of ditect fapingemsns to the de—
{lactors, and the eli® eigos hile scaewhat tarrved, vere not overly demmged.

Closer inspectioca revealed that the lesd 20ldsr dond betweem the stain-
less uad the platinum part of t'e slit bomd had ercded 2way electro—chomically.
This left ¢ gop where the gasket spécer did oot sesl, snd allowed prupellom!
to isak cut the sides of the module. Tiis wase the prodable canss of the
shotrt failure. As 8 correciive messure, the sroded gap in the lend sslder
was then fi{lled with enoxy, as i{n previcue modules.

It vas also found that cthe platiows-iridiue slit . iges had ervded,

leaving & jagged eige of 1'2 to 1 mil rowghmess. This was sppareacly
result of arc damage, sioca tha following ruva sbhowed tha msterisl wes oot
subject to slectro-chemical etching.

2.1.4 ™ %o. §906-0]1; 7 Hours on the New Flges

The single Jlit with platirue-iridium adges wes refinished. The de-
fioctors were cet at 0.027 inch on eizher side of the slit center, ssl 0.030
inch in front of the slit. Witl these few change. ne slit woduls was
reinstalled {n the 6 ioch vacuum systam ' rva zoother erciioca test on the

slit edses.

The performance of the slif wws excellent. At lcast some of the !sprove-
went can be ascribed to the repositioning of the deflsctors. It wveas also
noted riat the slit edge radius wen somswvhat lerger than usual - om the order
of 1/2 mil. Figure 62 1is a photomicrograph of tha edges of a similar slit,
with a husan hair acrose the field of view for comparisom. The bair is
C.004 {nch thick.

Most of the run was made st low threst sad high specific impulse, althowgh
the thrust ‘ws elevated towsrd tha end of the rwa. Table 12-1 is & performencs

summry for this rum.

The first 20 hours vere spemt at 12.5 kv s:it voltage amd 0.75 inch Hg
feed pressure. (The operating conditions <*re givem (s columm 1.) The
linesr thrust demsity =as 10 .lb/in. Ubem the {eed pressuras swd woltage wern
increased, a maxiwum thrust densi{ty of 35) ulb/in wuz obtained.
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Heat the and of the test, a8 rough weesutemmar of the dea: profile vae
mde with 8 curroet probe which could wove laterally with respect to the
slit. The curreml distriducion was foumd to bte doudle pasked, with the
poaks occurring a4t 17° above and 1{  below the hMriscatal. T™he lowsr peek
had lase curren: deansity than the upper. Scwe allowsnce wmast be rede for
the fac? that ihe pumping area wag oo the dottow of the task and tesr (he
psube, but these messuremsnis (ndicste 8 larger beam spraad "han has been
obesrved vis-ally. The current demsity at zero deg-ves wus practically
nagligidle.

Figure 42, Photomicrugraph of tman Reir Perpendiculsx
to Linear Slit (Approximately 30 x)
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Table 12.1 Singie $1it Ren 6906-01

Tiwe {hr) 21.% 3 24 33 b 1] 2
Voltege (kv) 1.6 13 13.2 13.6 14.8 14
Feed Pressure (ia.) 0.7% 0.75 0.73 0.7 1.3 1.7
Curreat (uemp) 70 104 83 73 128 1%
Thrust (uld) 9 12.5 11 9.3 18.7 1.7
Flow Rate (ugm/sec) 1.6 1.7 1.7 1.4 3.0 6.0
Efficlency (1)® 60 $6 64 61 61 58
Specific Impulse (sec) 2640 3270 %70 2%%0 1860 2120
¥n (c¢/kgm) 45,000 ¢0,000 50,000 32,000 43,000 27,000
“Hunter Beem [fficiency

12.1.5 B 6%7-02; High Thrusi Densities

In July, tha single slit module was inetalled im ths 4 feer x § fest
tank for a life test. The tast wvas not completad becsause of -xcessive de-

flector drain, resulting from an attampt to rum at elevated peri-rasecs.

This slit was given s slightly rounded edge (0.001 inch radive) sincs
previous results indicated s performance improvemsat by this msans. The
deflectors vare positioned nsowminally 0.025 tnch om efther ride of the alfit
edge, and the edge was 0.030 inoch behind the plame of the doeflector edges.
The edges were of Pt ~ 20X Ir.

This run lssted about 40 hours, aost of which was spent at sn elevated
thrust level. The awerage thrust level for ths rum wes 40 ulb/i» at = I”
of 1650 secoods and 70X beam efficiency. Tha highest thrust level achisved
was 60 ulb/in or 17 uld at 1700 seconds and an sfficiency of 70I. Feed
pressurs wvas kept st 1.5 inches, slit voltage 16.3 kv, extractov woltage -1
kv and deflector voltages S by, The extractor cuiTeat wes lese tham a
uicroampere, and the needle current vas nowminally 80 » amp.

Deflector breakdown occurtred quit. esrly, abew! 10 hours into ths rum.
It becams a serious problem aftar about 33 hours, sod at 40 hours caused the
run to be termiosated. The ambient pressure in the chamber during this bdreak-
dowa period vas detwoen 2 x 10”6 and 3 x 1().6 torr. The charscteriscic
problem here is the difficulty of finding a deflector spacing largs enowgh
to prevent breskdosm to the slit, yet small enough to provide sffective
focusing and reduce besm divergence.
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12.1.6 Run 6507-C4; Attempted Pndurance Run .

Tes singlo olit o=ocdule wa2 reinstalled 1a tho & feet x 8 fe T tank foo
& second try for an endurance rua. Mm;mmm“.mwtm *
sutomstically shut off after 73 hours. 'rbe* shutdown occurred af aidanight,
and the exact cauce ie not knowa. Either a bad vacuum or & coantrol pover

relay failure i3 suspectaed.

The deflector=to-clit srecing was increased tn N N33 inch o efither
side for this run. The slit edges were sgain round to adout 0.CI1l inch

radiugs. All ozher gecmatry was identical to that of the previou: ruam.

Nominsi cparating coaditions for thiv run were a feed prescure of 3
inches, slit voltage of 18 kv, extractor voltage of -1 kv, and ¢:flector
voltage of 3 kv. Por these conditions, the slit ran with 8 curr:at of 45~13
uazp. Thrust was coaminally 12 ulbs at an 1” of 2,000 seconds s:d & besm
efficiency of 30X.

The run started 4t a lover feed pressure, 1.5 inch, and a higher thru:z,
13 uldbs and 170C-second I'P' After / hours the module wes turnci off,
allowved to idle over a veekend, and restarted on Monday. The re=ainder of
the rm sev & gradually decreasing thrust. This may not “ave beon signifi-
* cant. On the zve of the last day, the feed pressurs wvas increacsd by 1/2
inch and wore current was applied to the m.dule heater. This mevy have
given rise to failure through overptwssurs in the vacuum tank, ¢3 the flow
rate increased. Tha genaral tendency before that time was towrd decreasi: g
m2ss flov snd higher G/, as the feud pressure was held constant at 3 inches.

Az this time, linear 314t tesl® were discontinued in order 20 concentrate
ca the promising aspects of annular slit development to be discuised in
Seceion 12.3.

12.2 DOUBLE SLIT MOLULE

At the begimning of the year, one of the basic problems fzcing the
prcgram wes how to modularize tha LSG. A feasidility demonstrsiion of the
sultiple linezr slit module was dromatically accomplished with the first
tasting of the double slit module in Yebruary.
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The fabricatiom of this slit was, /a fcoeli, s 2ignificant corhmo-
logical achlevewent, entailing a difficult {iow impessnce wscch betwem
the twe slits, generally close machining tolarzaces, sod a woet d1fficmlt
mich of the goowstries of the two sets of emitting ¢iges. These (ormidable
Lasks exposed several difficult frbricat.om problems, sed provided conetder-
abls inaight into thelr possibla solution. Berond tlis, the year's
operating experionce oo the double sli{t modula has defin’taly pruwa the
banic concept. In geoeral, verfcrmance charscteTtistics were wchenged by
proximity and remaioed similar to .(hose of the sivyle slit The ome
exceptioc was {acreased difficulty in guatding sgeinmst return electroms
dse to the decreass in extractor ares surrcunding the slite. This was
waccessfully accommodated by taising the extractor woltage.

The prudlea areas of the double slit module istlude all those ssatiooncd
{for the s.agl: slit in the last sectiva. o additioe, two other prodlame
aTe wora bothersome for the double slit then for the siongle elit:

1) TYar formatiom. The buildup of tar, cryscals and gellad propelleac
say becows sxtremely hasvy oo the slit edges, especially Jduring
arvatic opersiion. This stroogly suggests xo ovevabumdmscs of
hackstreaming electrocs from "he exhaust plasws to the slit edgun,

cavged prrhaends by an {(ncompletaly effective naegative diss.

2} Breakdown between slit edgo asd deflactor. Possidly initiated dy
the same becks’iteswming eleci-om phemomsmon, this dreakdown rrcdiem
may aleo be a function of (I« Dew elsctrodr design vewd w the
w=dala,

The owrrsil Jdesign of the module {s showa im Figeres 63 and 64.

The slit spacing was chosea to be )/ 8~-inch. Imsofac se fabiicutiom is
concernad, (T is felt that the siits may be packed ss cl:se together s»
1/4~inch separstion. Both xiits are fed from a commm prosellast yleom.
A compression sef i~gew acts {row & commm yoks o &ppl> s force agaimat
the slit blades sufticient tu keep thes sealed

Bacause of {t3 simplicity and ease of “abricsatita, & nev deflector
electroda design was trisd on this nodule. The deflactors wers 20~wmil
tuagelen rods. ..:1d in place on «ithar side o! the slit edgvs by ~wo
wylar {nsviatiocn bars. These bara can be seen om sirher end >f the slit
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Figure 6). Two-3.1t Module cheewtic
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e. Rigo View !

. Proat View

c. fPrior to Aseambly

Figure &4, Twe—S1lit Vectored Modwle
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opemisgsy at the rear of the emtractor plile (Pigure ddg). The deeige

groved quite succoesful, emapt for the (xcurTence 0f the wowsl prebdblen
of dafloctor-co~-elit high witage braskdoes.

12.2.1 Fedricatia Tocho iquew

Sonuw timc wes speat om this moduls (2 an effort to devilop svaw wmifore
stamdards for finlshing slit edges. Tho potst woe reached ia slit éevelop-
mat wheres fadricatica procedures werw besowiing & rssl prodlam. No trwly
repostadle sethois hve ansrgad sbere’dy & miform odge way be put om & slit,
sod the procese of flafshing s slit adge (s atiil coelly end rims cowsaming.
A pumber of varied tonlmiiues have teen tried (A @a attumpt to eystemulize
tha process.

The firsc tochnigue tried wes (e s3e of arecisaion machine willfng.
Tigure 83 shows the fixturs that wasc seuweniied. Two dowel plas wvete used
to align a $iit tiade wilh rospect to 8 corelully poeitioned slumiomm dicck.
This blowk wea hes o De precise.y sligned with resgect (o 3 mwiii{ed pre-
cision e mi.. which would thae mechiims tha proper devel aagls at tha dlave
edge. This sirsmpt 7ailad, and the rexzoms for the failurs z2rz thamghl o
b twofald, Pfirst, tha plajioum ow 1%e slit edges 1s too mxlr te 5 serily
sachineablie. This difficulty la comoumded by the fact th=r %2 o0l wes
forced to wachiow stiicless 3279+ simmltameovely wiih ihy pistlinmes. The
result vas an apparent dulliag or fouling of bz ftool, =od the platiss
tonied to "tear ouwt” rather Ihmm za-dind e Qthiy. THese di{ffivelziee vuas
be romswhar alleviated by weing o ylatiome-tridium ofge, and ' :ingding =

way TT keaw rthe towl 27{ the staislesz e only oa the plo iz,

The secoad cause {or fallwrs was apparcailyr st & 10° amgle is toe
BATT W TO try o cwt = iTes sdge. Up To o, an sccurate mmagulexmats have
bean wmede of (he slit anpgle rizde 20 the =dgs. Judging from the r2eits
heté, iI seswe prodesris than prevics>» 3lits bave bhad i, les somevhet zrzztéer
iham 107 right at rtha sdze. Iacrsasiag = (acel ssgle may mee {advizsijom
precsiures, snd asy ews improvi m2oa foco»ing sowmswhat, cwisg to lsss locsl

{ield divergance,

12.7.2 {z1a! YWials

-
-

‘»-0

™™o preliminery ruee wars mide (g the § inch CEL Tewt Statiom, for
purposss of ohssrvalion rad preliminary performamce ovaluwsliow.

174

]
*
"
]
-‘7
]
’
)
) &
¥
»
]
3
»



w

an

oty ot . ¢ e

T™he firet rus was aboTte’ by excsselre arcing betwesm deflec ors and
sxtractor, which was felt to de dus maialy to poot extrsctor deeigm. Later,
propellant leskage out the sldes of the elits vas comeed by & poer gaehet
ssal. This wodule was harder to ssal thaa the o0ld simgle slit medule. The
prodles vas corrected by using & slightly thicker seal.

MO #E0 Mt CISICw
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Figure 65. Slit Blade Shaping Tixture
The second rum was successful. The soduls wes opersted for abowt ¢ howrs,
at a feed pressyre of 1 {nchas of Heq and a #lit woitage of 1& kv. Tha
deflectors »ure beid st oominsally 7 kv, with a }-kv di{fferencisal to compen—

sate for a thrust vecteotr error. The total slit curreat was 77 .emp.

The beds 2attern was cdearved and fownd to e very similar to thet of
a siogle 2112, The besm spread ves +23°. The collactor glow was slighcly
darter in the middls, msre (ntenee above and bdealow, corresposdicg to emaissiocm
from tha top and dc-towm edges of the elits. The cullector curreat was
wooth  igatl 2e for the single slit, and the =rcing proviss bded dimintshed
greatly. Soms dreakdywn occurvad betwsea dsilecters amd extractor, bet
this cowld be partialiy corrscred ¥y raisizg the (megati{ve) extracidov
voltage to increas~ iz neagative poteatial Marvisr. This prevested elactroms
fras raining bdack dowm tnlo The doflector—elit arve e {aitialisg ‘eter—
electirode diachatge. This mey pMssibiy be farther correctus by xsing
broadet, plate-shapesd deflactor alecirodse lsstamd cf the cylimdrisal

gecumm Y.
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Filgure 66 shove the potertial fleld sveuiting from a compater study
of thp twiz L86. The {igure chowe hal! o sift, the lower Wwndary being
the centarline of syvmsiry. The upper bowdary (2 ales 2 symmetyv downrdary
va wiich the pormal compoaeer of elactric {{aid venistles. Thug, the
boundary counditicns are such thet the configurstioce {3 ropestad, a8 2
reflection, abowvs the uppar boundary. The potentisl field map poimis out
the preblem, which wee experizacod {m the above rum, of the leck of en
effective negative potential berrier. Thia prodise wae sot seen Im eiaflar
computer studies of ithe single slil whars a potential barvisr 41d exisc.
The disapprarance of tha barrier (s a csspuil of the close packing detweea
elits, and the consequant roduction of extrsctor area.

T
S
u |

|
|
- M&mm’n——J

K, wn3

Figure 66, Poteatial Pleld for Double Slit Configurstion
with Cylindeical Deflector Electrodas

12.2.3 Rum 6303-09: First Performance Data

T™he twin slit wodule was inatalled in the ¥RC 4 foot x 3 foot tank for
a perforusnce test. Tha moduie rem nicely az nominal conditions for 50 bowrs.
The run was teminated vhen excessive warmth coused the #lit to flood. The
tatlure was acttributed to irregular control of ligquid uitrogen {a the taak
shrouds. There wvas no (nitcatiom of siit Cailurs. Ia particular there wea
no indicatica of any leskage probiem in the slit gasket, which had been
dagzading ~arliar performance.
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The module wus supplied with a heater te provids tesperwture copirol i
the relatively cold 4 foot x § foot tank esrvirommsst. Mcaever, othei Chaw i b
thar avellable from sultl-oeedls moduleg, theve was re data o todperaiwse
versus powe? input, 80 ths exact opereling tsapersiuce wua 2ot koced.

The observad beanm apread of the sodule wa aoxalsally +45°, & swmbor |
which 2es beem characteristic of the single slit with this deflacter gswemisy. 3
T daflectors {(atill 0.020 inch tungster rods)} wwve momazed 30,040 Llact: om
either sida of the slit end 0.025 inch in from: ef if.

T™he scdulc wes started with a2 feed pressure of 1.5 imeh of By, baut thig
was increased %o & i{nches s0od moet of the run waz with this preosere. Thmre
wa- a fiiter in the feed line. The first saveral dours were nwa with tho
alit 2t 15 kv aad about 60 aicrreaperss. 1¢ vis suspacted that the slix
edges were not wet uniformly, 86 tha high voirage was shet off for X
peconds to alloyw the fluld e scus tc wwve osiwvand. bwe turued beok 29,
the module reached an operating lewel of 120 adrroomperus at 13 kv (zad P
¢ fachas kg feed pressure) and renained ac thet lewel {or the tesl of the
sxperimat. The exiractar was ©us at -1 kv, with i.5 sdercamperes curzeml.

The deflectcTs ware run at & kv, snd experieuced wo drain current.

fu an effort to inducs the deflector voltagee i follow the slit woltaga B -]
to grownd durfsg a time-of-flight pulse, & 300-pf capacitive coumpling
betwern the deflactors sud tha slit wes installed. The tima counstant of this
circuit was latge enough, however, to noticeably distort the time—of-fiight
traces. In particular, the oo peak was sacothed cut &nd the luow upecific
charge tall was stretchead out. Thus, the tiwe—of-flight results odtrined
ars too low in l’p and too high in flow rata.

The indicated purformance of thir mocdule was somswhat poorsr than
expected. lhe indicated an was abovt 1000 secomds, the thrust 60 micro-
povnds, flow rate 30 wmicrogrsms/sac, afficteucy 651, snd average specific

- =
v

charge 4000 c/kg. The thrust leval was at laast aqual te the periormssnce
of praevious single slit rums, correspouding to about 40 micropowmds/ia.

12.2.4 Run No. 6904-02; 96~Hour Endurance Run

Tha twin slit module wvas installed in the NRC 4 foot x & foot tank for
an endurance run. The module ran for $6 hours before the tort wvas termivatsd

dus to excessive extrictor and deflactor drafn, accoupanied by excessive arcing,
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ani dsgredad efficisncy aad ‘i“< The cisie vos daiarainsd o ha a3 ovse-
feading ~vedirion which {locdsd oaa of tha alits at an early otage, So0p
23 ta 30 woure iato the run., Deperkably, the glir recoversd {rom this
tendition tseporsrily, snough %0 that ke perfovmmace Htaved cominal
{1300-vec ch GGX effsicient) for st ‘suel TG howrs. Irvewvwrsible dueegs

wea e, hovowver, aod the performenc. dogam to dsgrede.

A wachemical tims-vf-flight svark gop pmliser wee weed duvring ths rwa,
replacing thwe norwmal thyrstrow cireuit, 20 that eliz voltsgse in emcesy of
1% L could de safely maintained. The slit coltage ves couplad to sach
deflector with a 300-pf capecitor 4n series with a 0.1 meg vesis?nr., This
cirenit induced the darlectors to follow tha slit to sarv woltage during
& time-of-flight pulea. The oscilloscope colleczor current traces chaumd

o9 evidence of distortiom dus to this arvsngewent.

Yor this run, the dafleciors wers? made of 0.035 iach x 0.0G20 fnch
ecainless vtock, cold rolled from 0.03C {meh stainless rod and finished
o & rvund edge. Thae deflectors ware spaced 0.020 inch om elther side
of the slits and 0.00S lach frout of the glit. It was expscted that this
geomatry might improve the uaifcrmily of the extracticn field. Mo isprove-
mant in pesrforwanca vas see«d, howeaver. In fact, the performsnce wes
hampered by thia deflector dasign, i{f anything.

The slit voltage was tun af 15 kv nominsl, although soms sltempt was
muade to vary this conditicn, wstching the affects. The extractor was run
at -1 kv, and the deflectors ware rum at about +6 kv. The total power fnput
fo the slit ranged betwsen 1.5 and 3 wvatts. The extrertur snd defiectur

currunts wers erratic, but reasonasbly low for the first 70 hours. After

70 hours, a sharp change took place {n the drain curreat density, accoupanied

by an incresse in Jdeflector srcs. Shortly thersasfter, performancs began to
degrade.

Figureg 67 through 73 sumsarize the performence throughout the runm.
The efficioncy wae fairly constant at about €0%.

The nominal beam spread was estimated st +20° throughout the run, though

it detarioraied at the last up to +45°. At 25 hours, & feed pressure rise
flooded the slit and uitimstely contributed to its fallire. Apcther
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fa. 700 walc s presany contributed to 2 2 [jlilute vas & relatively large
cTrarfect! -~ oon e of the gl.l edges. This speot uegan to glowv verv early
{1 the =.a, and tve jerticular slit {t 7as on dehaved woree than the cther
al: nrough the rrom, Moer of the 4ratn curtent went to the deflectors,

ar! after the run #as over the dJdeflectire were found to de encrusted with
salt. There was aiso 8 heavy bulldup of ar on the slit edpes. TFlzure

‘e s~-ws the ex%e .l of the damage to the deflectars and extractor, and
Flaore 75 shovs the slit afler the run, after the extractor was rewoved.
There wvae no e dence of anv lsskage from the z=:ket or any breskdovn st the

Jeflector holders., The sides of the mcdule were clean.

Tae salt encrustations on the electrodes were evidenc~ of direct {m-
plagesent of fiuld. This probably occurred first during the flooding at
3¢ hours, and sgiin toward the ead of the ruu when there wes sn unexplalned
rite (N the mass ‘low rate. Octher evidence of direct fmpingement cn the
Jefl ctors at the #nd of the ru: were g8 very high drain current and a high

floating potenti{al on the defleciors vhen their power supplies were turned

re

nft.

The (nsi{des of “oth slits were inspected ~tter the run. The stainless
steel surface directly behind the plati wum edge vas sharply etched in a
definite ercsion pattern. The platinum itself was unharzed, and soc wvas the
epoxy bond bdetween the platinum and stainless. Tne etching (FPigure 76)
psttern wvas characteristic of electrochemical erosion, but also cunformed
rather closely to the flow pattern of the slit. This led to the <canjecture
that such erosion wvas {nitiated dy local nonuniformities {n the flowv field,

or by local imperfections on surfaces.

12.2.5 Run No. 690%5-01: 60-Hour Run

The slit edges on the mcdule were refinished, and the deflectors replaced
by 0.020-inch rods. These were spaced 0.030 inch on either side of the slit
centers, and about 0.010 inch sbove the slit edges. The module wvas installed
in the NRC 4 foot x 8 foot tank for an enduraice test.

As in the pravious twin slit run, this run failed by a direct short from
slit to deflectors, apparently i(nit{ated by deflector inpingcscng. Sixty four
hours vere logjod before the experiment was turned off, although failure
occurred some 3 to 4 hours previously. By the second day there was
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. Twin Slit Module After J6-Hour Endurance
Run, Showing Tamage to Deflectors and Effects of
Flocding on Extractor Plate

~}
&~

Figure

Pigure 75. T<in Slit Module, Without Extractor, After
96-Hour Eaducaence Run
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Fizure 7b. Twin Slit Module After %96-Kour Endurance
Run; Inside Fdge oi Tne Silt, Shoving
frosion Pattern {n Stainless

signiflcant deflector drain, although none occurred the {{rst day. Tha
condition continued to dereriorate. It {s characteri{stic of the double
slit module that the deflector current shows small fluctuations, even if {t
is nominally zero. This {s in contrast to single slit performance, vhore

under optimum conditions the deflertor current {s absolurely zero.

The module was operated at 1.9-inches net feed pressure through a2
0.8-micron millipore filter. The high voltage wzs 15 kv, znd the current
vas 120 uamp. Deflector voltages were 6 kv, and the Seam was very uniform
with a spread of +20°. Alperfor-cncc problem w3 evident, however, since
the !'p wvas 1320 seconds and the effi.iency vas 60 percent. During this
first part of the run, the thrust was <4 ulb/in, and the flow rate wvae
8 ugm/wec/in. The total thrust was 38 uld.

Later, in an attempt to raise the charge-to-nass ratic, the deflector
voltages were dropped to § kv, This resulted i{n .n {ncressed current, but
the I'P vas lower yet — 1285 sec. The efficiency had incressed $ perceant,
and the thrust {ncreased, but the flov rate had nearl  doubled.
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Nett 4~ 12 temnt wie nade tu ra‘ee the .'? Yy {acress{ag the s.!" w»: . ag»
T L% ey aud drenping the feod preesurs to 1.0-nch net. This falled sgsla.

The flow rate rematned subeisnlialiv tle same, Mt the !” dropped et !l

fartmesr ¢ 110 seconds,

Thpee ratier discourazing reeuile uave at least a hint of s pattera.
T teauils wit™ wvider Jeflector spacing shwed steady cperation dut poor
perioraance \:‘; 123 seconde). TFor the last two runs, the deflectors
were Srought {n cioser 1o the siit. T™is reaulted (n snasvhat higherv I.’.
Mut s drepesiticn to fafl through excessive deflector drain. Appsreatly,
{2 {9 Jesirable to move the deflectors cluser Irva ¢ performance standpoint,

“ut idesirabls {rom a relladility etandpoint.

Ineasection of the module after the run shuwed that direct current paths
bad {ormed fros the slits to both deflectors through jelled Nal glycerol
columns. There vas evidence of flooding and tar formation on the eli”
edres. The edges themselves were not dsmeged, dut the erosion of the stain-
less ntere]l facee i(nside the gap, first seen {n the previous twia sli® run,
was even core extensive. It was evident that erosiocn began at localired
spots on the metal, probadbly vhere flov vas stopped or {mpeded Dy an
unrelated mechanira. Aftar ercsfon began, it propagated s fan-like pattern
further and further dowastream. Sowe of these patterns extended to the
boundary of the platinum; some did not. All stages of growth ware obdserved.

2.2.6 Run 6%06-02

The twin slit module was placed in the new & foot x 8 foot vacuum
cha~ber with the 24 inch vacuum pump and vas run for 113 hours at epecific
impulse levels in excess of 1500 seconds. Performence was very smocth with
practically no arcing, due partly to the improved vacum (1 x 10.6 to
1.6 x 107 torr) and partly to improve-ents in the slit edges.

The module was prepared for this tun with a larger radius, about 0.001
inch, on the_slit edges. Wire rode were used for deflectors. The rod
diameter vas 0.020 inch. The rods were placed 0.018 to 0.020 inch in
front of the slit edges, and wers spaced 0.070 f{ach spart. The module was
supplied vith s radiative heater.
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Tte enlire run was aade at (5.0 kv glit voltage, -1.% kv exrrac:or
voitage, 23ad 5 kv on each of the deflectors. Fi{zure 77 through 82
five a time hNietory of the varving run parameters., The axtractor wvas
draving a current of 1.0 to 4.0 microamperes froum nositive secondarles.
There was no readabie deflector current until very late (n the rua, at

ahout 3+ Mhowurs.

The fecd pressure and the module heater were used to control the flcw
rate. No temperature measureaents vere avallidle to calibrate the »ffects
cf 2:e module heater except those made on needie modules. The moduie wvas
prodably running at sbout room temperature. Ovir the first 40 hours, tne
flow rate decreased regularly until smettling out to about 607 of {.:=
init{al value, AL 65 hours, it was {ncreased by i(ncreasing the heater
pover and the fred pressure slightly. From then on until about 94 hours,

the mcdule ran at about 1820 seconds I.p and 30 uldb per inch thrust.

Az the fiow rate decreased, from time zero, :~e average charge-:o-mass
ratio went from 12,000 c¢/kg up to about 18,000 c/kg. After the maszs flow

ccw veiamd O/M darreaned to shaut 15,000,

At 92 hours the needle current suddenly increascd. This was during
an unsttended weekend period. A few hours lezer, however, the chanze
wvas discovered and a l5-microsmpere drain current to the top deflector

vas observed. This vaﬁ the first detected deflector drain. The situa-

tica vas partially corrected by raising the upper deflector woltage, thus
vectoring the beam evay frow it. The feed pressure vas also cut back,

and the module heater current lowered, causing a drop in flow rate. By
the tize 110 ours had passed, the defle~tor breakdown had slmost cow-

pletely healed, though occasional deflections cf about 1/2 microampere
were observed.

The run vas started at a thrust level of about 48 u.b. Over the
first 20 hours, this dropped to &0 uld as the mass flov rate dropped.
These couditions were maintained until 70 hours, vhen the original thrust

level 'l‘.t0'ltlﬂlllh¢d. After the deflector breukdown, vhen the flow

rate vas cut back, the thrust dropped to its lowes® level of 30 ulb.
After recovery from the breakdown and immediately bdefore shutdown, an
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atterpt was mad - to push the thruet -vel sbove its origiral vslue oy
{ficrsaeing the fee! presture. “te alit vollspe wes al: -+ incressed,

hyr not sf{gnificantiv. The flow rate was sluggish in coming up, and the
max{mur t--uet densitv achleved wes 31 yid/inch. Arcing to the extractor

and def.cctors prevented gring anvy higher.

Post-run {nspection of the wodule showed it to de quite clean. The
extractor was very clesn; the slit edges had growm a fow salt crvetals,
but the flow area was rot obsrructed. The ®op deflector had s thia

coat of tar {n the vicinity -f the breakdown.

The besm {mpingement pattern coull be seem clearly on the coliector
and cold val.s. Based on this patteru, the entire beam waa contained
within an angaldr spread of +50°. Visually, the denstst part of the

beam apreared to lie within the usual +20° spryed.

2.3 ANNULAR SLIT

)
a

Vork on the annular slit geometry (ASC) wvas reinitiated lste {a
warch, «fter a lapse of about 5 morzhs. The 1968 wo:rk had besn done
on an old TRW design (Fef, 12-1) consisting of a double-edgead annulus
with an inner and outer extractor. The results, while promiaing, were

not sufficient to stimilate {ncreased sctivity, sad the project was

dropped.

Th. '969 effort described hare vas Initislly simed at & cursory
investigation >f ths carabilities cf the NASA-Coddard design of the
ASC (Ref. 12-1Y. As the work develcped, the spparent potential for a
rewatrkably high thruat-high YOP device wvith all the {epor-sat advzatagee

of a needle came zes somsthing of s revelatioco.

By mid-vear, 1€ was appavent that Aigh thrust densitiss werev now
avai{lable. As s matter of course, the ASC vas delivering thrust
densities vhich were JOT higher than toe highest odtafnadble with the
LN, This vas done at !.p of 1500 secnds or above, with Hunter beam

efficieacies squivalent to that of a needle, snd with not much wore
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“eaw spread th.a a needle. Further, the unit vas scom operated at

s thrust of nearly 170 uib: whlle not the higheet thrust reported,

this {s the highest ve know of at 1530 seconds 1 »
[ ]

In view of these successas, and {n viev of the nature of the d17ft-

culties with the L5G, steps were tanen whortly after July t - le—ewohasite

the L5G and accelerate work on the ASG,

Four problems were recognized as Melng mcte or .ees bas! 0 the
ATG:

17 Uneven rim vetting. Never a concern {n the LSC, this bSecomes
{mportant here wvhere {t sigrificantiy aff»cts thrust vector
direction. This pruoblem wes aolved by i{mproved gevm~trvy and
fabr'cation techniques.

2) Tar forwmaticn. The thick plug at the center of the slit actad
ss 8 fncus point for energetic electrons. Since it was eastily
wet with propeslant, tar formation ves commonly seen herve.
Several partia! sclutions were found for this problem.

1} Flow {mpedarce wmatching was cf the ssme nrder cf diffi-vitv 28
{n the LxG.

4) Besm sniead s critically dependent on gercwatry and rim wetting.
At f{rst {t wvam 22C° But it wae bro:ght down to +i0° with
gecwetry ‘mrrovemsnts. This tolerance 1s oot as relfable as
Ja 8 needle, since the slit tends 0 cverfeed wore easily tham

a needle.

Seversl s{gnificant technological advan:es and milestone achicve-
wente contributed to the Jsution of these prodblems:

is Improvenents {0 the center plug geowetry rveulted in reduced
besm spread.

1) lmprovewents in the jropellant feed geometry resulted in
uei{fo-- rim wetting.

3) Reaarksly high thrust densities were demoustrated with good
rerforsance, as descrided :hove.

4) A unit wis endurance-tested for 6400 nours.

5) A module was built and tested at 100 uld thrust for W hours.

6) A unic was -hrast vectored, using standard deflector electrodes,

both {n one plane and in two orthogonal planes.
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THe TRw source 1s 1/8 {uch in dlameter, and will it {n & |/4-inch
extractor hole, It takes little mo~e space than » ccavent{onal reedle,
and 1C may be electrostatically vectored ss easily az 2 need'e. The
basic gecometrv (8 a single emitting rim type plit with § comceatric
centerpiece heid at Jcource potential. The propellant forme & meaiscue
vithin tre 3.002-{nch-wide fee] gap formed by these two parts. The
prorellant jets are dravn from the high fleld reyion oo the estt>ing rim.
Platinum -0 irtd{um has been used on ti - emitting surfaces. A platioum
=170 iriltum slit rin donded to the shank cf the tube, and ¢ platioum
107 {ridium center plug hsve both been tacorporated toto the ASC.

One might question the propriety of claseifving the device as e
smmiular slit. It is actualivy a large dismeter owedle with ¢ plug o
the hollow ceunler. The purpose of the plug {s to provide cepillary
vetling action to draw propellant to the emitting rim, €0 {ncrvsse {low
{smpedance, end to prevent a lorge Hropellant ssoiscus from being expoeed

to evaporati{on and backstresming eleciron bowdardment.

The original "snnular slit geometry” pomenclature has Lo some
vxtent been established (n Reference 12-2. Io ea e¢ffort to claseifly
this devire separstely frc: the couventionsl &uble emitting edge,
{solated center sxtractor, snnular slit geometry, other names have been
considered. A more descriptive ters is “asunular oeedls geomstry.”
However, the term "arnular slft jeometrv™ s still commouly weed. Iu

this report the references ASC and ANG are used faterchangeably.

The emission mechsnisme in the aunular nsedls geometlry (ANC) have
ot been atudied extensively, but are felt to be similar to thowe {a

s small dismeter needle. A program of wic._ ecopic study would he

revealing {n this respecct.

12.3.1 larly Triasls
Three runs were made using the snnular slit dased wpon the RASA-
Coddard design (Figure 87). These slits performed reascaskly well

fn the short term, producing at bast 25 yld, 171) seconds, sad %
percent Hmter beam efficiency tor 1.76 watte of power (18 kv sod
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3R Lamp). The annulus later easily prduied between 23 and 50 ulb of
thrust 8?7 voltagee varving from 14 to {7 kv, The «ajor probles {(r the
ear!y runa wvas elecirolvtic erosfon of the ocuter stainlese steel rism,
T™ig prodive was elininaied vhen the sliry vere nade of plativem. Uneven
fesd Jdlatetbizio, siomg the exitting edge vas alsc s problem. Sowme of
this waa caused bv non-unifors spacing betwean the loner snd outer parts
of the ancilus. Other causes weve uneven wetting alcog the emitting

rim and the {afluence of gravity on the shape ot the 883z ue. YWrre
unifore scacing vas achisved {n early desigus v machining 8 grooved
collar with a slightly oversized 0.0, The feed grooves perwit passage
of the propelilant to the emitting regica 60 sils adove the collsr

(Figure B8)). More thorough clsaning procedures eventwally faproved
the vetting.
ihe fact that electrolytic eromiom occurred only on *he outer edge

of the annulus indicated that this edgs va: &8s expacted {rom the geo~
the site of the emitting ‘ets. Tar formed i the first twe ruas

et vy,
{n the beveled hollow at the top of the (nner plece of the snnulus.
Durinz the third tun, a higher negative bilas (i.e., -2000 volis versus
-1000 volts) vas used. Tar did not forw during this run (wvhich lasted
24 hours, spproximstely as long as the other rums), although propeilant
with a browaish color, indicating a larg2a syount of free fodine, vas

present in the fluid.

12.3.2 Fabrication of the First Platinum Edgee

When the platinum tubing and rod needed to provide the snnular slit
with erosion resistant edges ware received, the pletinmm tipe were made
and brazed to stainless steel bodie with 182% Nt , 82T Au filler. The
platinoum edges vare machined to the required shape in the jeweler's

lathe.

After fabricatior was completed, the slit ves carefully clearad
to ensure good wetting by the propellant to improve capillarity sround

the slil edge.
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12.3.) Rum A2°8-04. Atzernted 106G Hours

The snnulasr siit vith platicue ewitting Odl;l vas rua for 67.9% hours
until & iesk {3 the feed line terminated the run. Performance wes excel-
ient sod the platirum edzes had no .:dicaticu of erosion. The acnulus
euitted around the entire rim, {ndicating good wetting. THe relativelvy
high efficlencles, > 731, indicated unifore feed and capillarity arournd

the rim. Figure 334 shuwa severil TOF s taken during the run.

The goal fnr chis rua was an X-p of » 1500 seccnds, a thrust of
12 uld, and 100 hours ruming time. The ['P snd thirust gfoals were
exceeded and the lesk in the Luerlok fitting wvas the only reason the
130 hours wvas not sttsined. There had deen no performance degradatise
duriag the run and the sonulus was 12 excellent condition at the eand

of the nun {{.e., no erosion or tar).

The first 16.5 hours of operation consisted of overnight idling
at 1).5 kv oa the anoulus, -1.5 kv on the extractor, 0 inch feed
pressure, and Xn » 29 yamp. After the necessary operating raraseters
were cetermined next morning, {.e., Vu = 15 kv, P » 5.5 inches of
Hg, :n * 50 uamp, the wodule was then operated for the next 50 hours et
greater theam 1500 geconds !”.gmtcr than 12.9 uld, and greater than
73 percent Hunter beam efficiencies.

12.3.4 Experiments with Cecwrtry

The TIN annuiar elit geosetry consists of < nuter tube, 0.125 inch
0.D. sud 0.086 inch I.D., conceatrically dbored. The source edge 3
beveled around the cutside to aa angle of about 20 4egrees. Figure 8.
is a 10X magnified photograph of the tip of the slit.

During the course of this work, the centerpiece of the slit under-
went ‘nnrnl trﬁufcmtfonl in geometry. Careful experimentatioa
demoustrated that the distance of the centerpiece behind the outer ris
critically {nfluenced the beam profile. The slit {n Figure 85, mn
early wodel, had the centerpilece 5 to 7 wils back of the ris. This
resulted in a splayed-out hollow beem with wide half-angle. The center-
plece was then tried at various depths dbelow the rim of the seedle. It
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0.1 neup
1870 oec
1d.y uld
0.33 % 107 K¢/ eac
75.42
13,040 cual/Yg

15 kv

52 yamp

-1.6 kv

0.5 wiamp

1940 sec

13.9 ulb

0.52 x 10" kg/eec
73.42

13,040 ceml/Xg

T Information Run 6909-04, Plaiinuwe EZdged Ammalar
Sife.

TOF Length {s 60 cu, Swvasyp Spvod 10 we/om.
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Fiyure 85. Tvpical Annular Slit Scurce, Magnified 12X

was set at depths of 0.0C9 (nch, 0.007 inch end 0.C10 fach. The
shalilowest sstting caused sn excessively vi{de deam spread. Tha foner
beam was hollow sc that practically no mase was being accelersted
strsight ahead. The effect of pulling tse centerplece back was to
focus the beam, sc that at 0 010 tach depth, the dean was highly

unifrre through the cen"er as observed visually.

Tha extractcr hole stze for the ANG {s nominally 0.230 fach. &
wmal'!:r hole, 0.190 fnch, was tried vith no signifi{cant chaoge In
performance. Ixtractor hole size in ¢ osedle moduls 1s 0.140 fuchk,
sod in the LSC the extractor slit width 1s 0.160 tncn.

Bominslly, the annular needle (s placed ia the extractor so that
its tip {9 just even with the suter surface of the extractor. The
besm spresd is affected bv this positicaing, and the optimum peedle tip
position from a focusing standpoint vas found to be approximately 0.0%
inch behind the axtructor face. Howewver, th': posftiocaing lesds to

increased extractor drafn and nigher bressxd. ™ probabiliey.
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Several different geomsetlriss were teoted to duterwing the ef‘ect
of gerometry ou other operating charasteristice. An samulve Wi’k a
slightlv rounded exitting edge, C.0C1 inch radive, was trisd. Twe
operating voitage for this was prohidivively hizh, sbove |3 kv. The
geomettry also produced excessive beam s~vead. A shary emittiag eige
with 2 netrow tevel around the cutside of the ris yrodeced & rvoxIher
current gnd s higher thrust at a lower voltage “12-1) Xkv).

The centerpiece of the earliest ASG consisted of a straight rs,
J.0%5 Inch (0 dismeter, wizh the tosacct £.060 iach turoed dows to @
diameter of 0.08] fnch, leaving & 0.0C2 isch feel gap betwasn the cemzer-~
piece and outer tube. Four rectangular ‘eed slots rax the leagth . the
centerpfece, up to the feed gap. This Cesi, n bad two serious drevdacks.
The rectangular feed chapnels were d{ffi:uit to mechine, and the =mi{-
formitv of feed gap width, {.e., the councenstricity of the cenlevviece,
vas very difficult to salttain. The slit alsc temded to wet firer oe
the riw in the vicinity of the feed charrels. It was &1¢ficult to
achieve wiforns wetting over the perimeter. Iz & later desige, the four
rectaagular feed grooves were replaced vith four flats which were
simply filed out of the criinder. TlLese were act entirely sstisfsctory,
since 1t was difficult to fabricste four such chasmels with equal ‘low
impedances. When tkis was no? dome properly, some sectors of the ris
overfed, vhile other: would aot wet for loug periods of time. The
solutimn to this problem was to mschine a2 sasll propellant pleow 0.1
inch below the top of the centerpiece, spyrroximstely 0.2 inch loeg
and 0.005 inch deep. This plenum offeved a icw flow resistsmce recervoir

‘which would £!1]1 completely with fluid. The {luid would them fesd ouwt

of the plemum, uniforaly wetting through a 0.002 inch feed gap. ™Mis
device produced unifora emissico around the eotire rim withia 2 dyore
after startup.

Figure 86 shows the TIW source desigs that fisally emeryod from
these experimsuts. The ceaterpiece is iz two piecss. The top plece,
1ll platioum, is kept short to elinxinate the comceatricity problecm. A
S5-mil-deep feed plesur, which wumiformly distributes feed preseurv srowsd
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the yerimeter, {s machined fust Selow the ‘feed gop. The plenus fe f1lled ‘

through four equally spaced chavnels emanating from s central feed

channel. Thie desixx hsa greatly isproved the uniformity of propellant »
vett{ng around the ris. Jepe wnce control {s providcd by a sizgle, @
slightly tapered rod {nserted ({n the dazk of the umit. Coucentricity
of this unit s not important. Viow passage {s achieved by soamuiformities
{n the roundness cf the rod. [}
The develc, went cf s standard, sechine-reproducible method for
{mpedance ccatrol {s one of remaining problems tc de solved for this
configuration. Seversl advances hasve Deen mede toward the solutiom of
ti.e provlem. Devices that have attain«d some degree of success include [
a A-ami]l I.D. needle flow passage of calibrated leagth, sod slso a epring
and plug arrangement.
Single slit axperisents, wmostly conducted with ah.ri rims (less then
1/4~-uil radius), have been most successful in producing uniform. high »
Q/M besms at relatively low voltage. Later experisents (including the
seven-paedle module to be discussed) run with slightly rounded source
rins resulted in higher voltasge and higher I” for the same Q/X.
» o
28 DA —-T-——q
086 DA —-—4-I---—--l -T2
M ATINGA = Vo | ’
| { N2 T T oo ¢
! — “f: — ) b
i 1 , 1'
| esom 1] o
i SR
OLO O1A
1N
.50 \ MONCL
b ’ \/ .
: TASCRCD 200
FLOW #tPELANCE
CONTROL
S
t
- L
Pigure 86. Section Drawing of TRW Annular $1it Design
>
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12.3.5 Ihrust Dwnpity Congideraticns

The norual charscteriszstion of thrust demeity for s slit sewrce {»
{n aicropounds per linear fach of eaftting edge. The limeser elit
gecwetty (LSC) has reliably demonstrsted )0 to 40 sicropownds/{nck sad
has schieved & nominal upper limit of 60 micropounds/inch st which

serious reliability probleme appear. The LSC has vum at this high thraet

density only for short periods (4 hours) st & time.

The TRV sunular slit geometry (ASC) hse sz emittiog ris dismster
of 0.086 inch. Sources of this type have demcastrated thrusts ia the
neighborhood of 23%-30 micropouands {a the 1500 sec t” r-go? and have
achieved thrusts up to 50 micropounds at lower t.’ vithoat ¢iffiemity.
A thrust of 50 micropounds on s diameter of 0.086 inch corresponds to
a linear thrust density of 1835 micropounds/inch, s number wmuch larger
than the thrust densities achieved by linear aad doubdle rizmed somulsr
slit devices. This is perhaps an unfair comperisoun, since it is more
seaningful to discuss “hrust deunsity per unit areas.

The existing techmology for clustecing needles is easily extended
te the ASG. The extractor hole size required is bsrely more than that
¢f a needle-~about 0.250 {nch in disseter. Table 12-2 presents s coa-
parisca smong the needle, linear and annular gecmetries that leeds to
the conclusion that the latter gives the highest thrust demsity cape-
bility in the 1500 second IlP range. The standsrd of comparisoa 1s
the l6-needle module currently under development at TXW (Sectiom 6).

Thrust densities are calculated for both hexagomal snd squire packing, the
former being about 16 percent denser than the latter. The LSC module 13

assu-ed to be packed with parallel slits of arbitrary length, wvith s
0.4-inch nearest-neighbor separation as uweed cm the curremt TRV dowble
slit module. ’

The gecaetries being compared produce I”'u of 1500 secomds or
greater., The needles and ASC operate at Humter bdeam officiencies of
70 percant or ~ore, vhile the LSC operztec between 60 and 70 perceat.
It should be noted that ths thrusts compared are not choeen oa am equal
bssis. For a needle, 3 micropounds 1s a safe upper limit; for the LSGC,
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Tabie 12-2.

Thrust Densi{'y Compariscn for Various Colle

Al

14 Corcepts

|

i Needles . Goddard Annil.s!
! Packing CGeometry Hex SquaroT LSC ;| Hex Square |
J i | .
| : ‘
Nearest Neightor 0.250 ]1 0.409 3. 410 |
Distance (1n.) l ‘
L + i —_
: Pascking Densicy 18.5 16 2.5¢ 7 o ,
' (per »g. in.} i
+ ﬁL # -
b Thruet 3 60 z5 :
{ (uib. per unit) ‘
| Thrust Density 53 a8 150 [17s 150 |
[ {»1b/in~) ,
’ }
| Relative Flow 1 9.2¢ 1 2.8 !
| Concuctance ’
| (per umt) :
. '
| Operating Voitage 1) 18 14 t
(xv) '
! Current 10 2008 {70 !
' (~-smp per unit) 5
i
|

*Per linsar inch.




50 micropounds/inch 1 an ex"reew upper '.mit; snd for the ASC, 23
micropounds (s & reliable nominal st 1330 esec X.’. “he TRW deeign ‘as,
1{a fact, deen run et 100 uib. Ltark st Codderd reports am upper li=mi:
of 3CO micropounds, Yut tiis is apparently schieved only at the expeose
of reduced I'p and efficiency. Tadie 12-) exemplifies the high thruac
dats poinis. The reliability and resroduc:bilticy of such Figh thruszs
should be carefully scrutinized. However, by uslag only 23 ald for the
ASC, wve ara couservatively cosparing wvhat the ASC does witl easse

axainst what the L5 does vith difficulty.

Tab.e 12-3. Susmary oi High Thrust Dsta fiom TXW and Codderd

Thrust Source  Source FTeed I' Sean Mass oFa
(uik) Voltage Current Pressure (::c) Ei{fec. Tiow {cikga)
(kv) (vamp) i{n.Hg) 2) PR
secC
Imv
57¢1) 16.7 167 15.3 1356 78 19.0 7.600
2
ax.s(‘) 15.8 200 18.0 1327 70 27.9 7,170
4
95.4'?)  is.8 213 23.4 1073 66  40.3 5,350
99(2) 19.0 360 19.0 1500 7 30.0 8,950
Goddard
221 18.0 300 5.3 TY) 0 1.mx10° o.%2
298 603 9 2.110° 9.93

(1) Run ¥o. 63508-02
(2) Run No. 6908-08
{(3) Reference 12-2 (Stark)

The TRW data in Table 12-) {s taken mainly from Rum ¥o. 6908-08,
wvhich was a shoct run in NRC & feet x 8§ feet tank specically for the
purpose of testing high thrust performance. They ware takex wvith an
early needle, vith no feed plenum and four propellant feed flats. Foue
of the operating ~onditfons were maintained for more than 13 aipute:=.
The data in run -08 were takeu after the needle had been equipped wich

deflectors, wvhile the data in run -02, an earlier run, were taken without

deflectors.
=209~

B TR T~ W ¥

s e - L R L T um—— -



The GCodlard Jata, while incowplete, are presented for comperisce.
Thew rurreseat the highest piblished thrusta for such & device.

12.3.6 R S9CRA-CD. (88-H~ue Tadurance Test

An annular . cedie scurce vas run unvectored for 188 houre. The
piitpose of  the i was to _est endurance and study the effects of
parameter varist'ons. Thie run was re firet vhich ves truly demcoetra~
tive of the ,.te “{al cat SLifty of the ANC. Table 12-4 ip & svemary
of dsta frow this run. This source was Tua with a heater. Moet of
the performance variat:oas are t  'leed lue to efther the effects of
temperature variaticns oan th - ~vopellant viscoei>7 and its flow rste,
or to the uncontrolled rim wetting c. 4itiom of the rim. Specific impulse
ves hyigh and efficiencies were all sbove 75I. The centerpisce wves
0.010 ioch behind tha rim, and the beam spread more than normal. The
extractor held at ~1.2 kv. No extractor drain was observed.

Table 12-4. Sowme Dats from Run 6908-02, the 188-Hour Single
Needle Endurance Pun

Hours Yeed Source Source Thrust 1 Beam Maseo QM
Pres ‘ure Volzage Curreat (uld) feec) Zffic. Plow (C/kz)
(1n.Hg) (kv) (uamp) : () ug=

sec
7 10.2 12.8 ss 22.0 8%s 78 .04 3,420
e 8.7 12.8 a3 23.0 1591 76 6.64 12,500
46 9.3 12.9 100 29.6 1602 80 8.38 11,%00

14) 12.0 14.0 1313 4.8 1512 78 13.0 10,000

14) 15.3 14.7 147 $7.0 1356 78 19.0 7,600

150 10.13 15.8 190 72.1 1560 82 21.0 9,000

150 10.15 17.0 150 55.0 1632 79 15.2 9,700

166 9.7% 13.0 100 37.8 1214 77 14.1 10,800
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T™e sourc® wlge wae obsevved visually Jurisg this run, ead prgpellest
tats were flentified ctremming off the ria. The siddia reglom of ibe
centerniecw wes obeerved to hsve an active froth or fomm {.. 'ng the Ygh
thrust periods, and {t vem {niérred t™at this was due to the sctiom of
Nigh energy backstreaming electrons ({>twmed between the potential barrier
and sonular needles) oo seeping glvceorol. This wee further verified by
post-run observatioca of s hill of _ar in the midportiow of the cester-
plece. The cuter regica of the centerpiece remained clesn. This came
condition has teen wdearved on wmany of the sources, snd (¢ {e fole that
ta- forwation can the centerpiece {3 > major probiem. [a ister expesrimsnts
vith various centerpluce geowrtries, tiz cdlective wos tv VYoop oxcees
glvcerol from straving onto the midportice of tic cester; 2ce. Theea

experiments are Jescribed i{n wectlon ]17.3.10.

12.3.7 Ruyny 6902.0° gnd 630R_0. Tyn-Vertor-Flectrode Reseay :h

A single slit source with two vectoring electrodes weas fadricstee,
‘and prelisiusry testing was sccomplished. Figure 874, is 8 view of
che extractor-electrode sossewbly, and Tlgure 87b. ashowe 3 fromt view
of the sesemdly with the slit source in place. The deflectore were
made {trom stainless tubing with & C..30-1nch T.D. and 8 0.010 ipch wall
thickoess. The source used on all vectoring experimects vas em foter-
sediate deeign with the :enterpiece 0.J5l4 {ach bdehind the rim sl e
annular propellant plenum just below the fewd gap. The propellsst wes
fed {1 around the ocuts:'de of the centerpiecs.

The f{rst test, Run Wo. 6908-07, was made in 2 emal]l chamber with
& 6—toch pump. The source voltage was 12.7 kv and the curreat wes 83
aicroamperes. The performance was 'n the neighborhood of 1470 seconds
X'V' 1) micropounds thrust, and 0% ¢fficiency. The dees deflactiom
wvas photographed.

Based on the visidlas besw limite, the beam showed s ~ominil spreed
of +10 degrees under all vectoring conditicos. 7Thotographas of the
Seam deflection are showa i{n Figure 88. The bear was vectored uwp
spproximacely 8 degress (Tigure 88a) and dows spproximately 9 dagrees
{Figure 88c).
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s) Ixtractor-flectrode Assembly bd) Prout View with Slit {n Pleca

a) Ixtractor-Electrode Assewdly d) Pront View with Slit {o Plasce
Fig.re A7, Ixperimental Single Slit with Two Vectoring Llectrodes

{a the unvectorsd positcn, the deflectors were bdoth haeld at 7 kv.
To wector, a voltage differential o/ 6 kv vas spplied Detwwen the

electrodes, indicating a vectoring capabilt-y of about 700 volts/degree.

The second test, Run 6908~09, wes made 1o & larger (& feat x } feet)
chamber in an attempt to verify the visusl dats with probe data. i.»
sccuracy o the viaual dats {s of course affected by the inability of the
analyeis nrocems - ~ccurately sccour: for veriatiocos {a visual deam
fotensaity, aad the 10exact corresponsewce of vigtual tezm density tc
thrust and current density. Tha sccuracy of the probe data is elso under
question since it wvas oot poseible to prode the whole desm in the deflected
positicn. The results show order of sagniZude agreement, however. The
probe dats indicated s sovewhat lower deflectice capabtility of 1200

volrs/degrea.

Table 12-5 s'mmarizes the conditions under which the vectored and
unvectoted prche measurements were taken. No significant extractor or
deflector dreins wvere noted. The two sets of rssdings werc takem within
an bour of each other.
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¢} Vectored Dowm

Figure 83, Time Exposures of
Beam from Slit with Two Vector
Electrodes (Beam Image Partially
Reflected in Extractor)

Figure 49 showe the variatioe
cf CM with scg.ie for the vecicred asnd

ynveciored beams. I[n agreemeec: with

srevious experince, QM and }”
higheat at the larger engles ‘Jef.
id-3) dus to the effects of f1s1d
eahancement . Pigure 90 i3 »
coaposite plot of thrust sed carvent
densiiles for the vectored smd

uyavectored beams.

Pigure 89 and 90 sach ehow
he 3 1"TALLI s Pruvesiy cameed Dy ave-
Thie vas al=oet

certaialy due to gravitational effects,

unifcre wetting.

since the lower part of the besm
spparently had a higher mass {low and
low QM. This data was, in fzct, the
first solid evidence that gravitations!l
effects produced sasvemetrise., ThHe
centroids {n Figure 90 show s total
thrust deflection of about § dogrees.
The thrust curve for the vectcred beem
had to be extrapolated rather arhi-
trarily for the large positive angles,
and this represents s sowrce cf error.
The curreat deasity data indicate a total
beam spread of +18°, about twice that
observed visually. There is, however, a
fair correistion betweem obeerved

current and thrust demsities.

Table 12-6 summarizes ths other
{mportant time—of-flight pararaters as
s functiom of angle.
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Table 12-%5. Summary of Prodbed Besm CondiZioes for Vectocred Hli°

Covectored Vectorsd

) Feed Preesure (in.Hg) 8.9 .03
Sliz Voltaze {(kv) 13.3 13.3
Sltt Current {(microamps) 77.0 20.0
rper Deflector Voltage (kv) 6.6 3.3
Lower Deflector Voita;o (kv) 6.6 9.4
Extractor Voltage (kv) -1.8 -1.8
Thruat (micropoundns 34.2 2.0
Mzes Flow (microgm/sec) 14.2 12.3
I'p(sec) 1090 118}
Effi{cier:r (percent) 82.0 78.C
c'M (coulikg) 4,290 6,503

Table 12-6. TOF Summary for Vectored and Unvectored Beem Proiiles,
-5 shift {n Thrust Centroids

Angle Current® Thrust®* I.P oM Eff{icliency
(dex) Density Density (sec) (c/Xg) (parcemt)
-14.7 el.8 19.77 913 4560 n
- 8.5 60.7 36.6 806 2958 ”
Unvectored 0.3 111.9 51.9 1042 4946 79
5.0 152.0 54.1 1421 8782 83
10.6 60.8 17.0 1533 11855 72
-12.0 28.3 12.3 1043 3333 74
- 6.3 3.4 28.3 902 3718 79
0.67 141.8 357.8 1140 6141 76
Vectored 5.0 188.0 73.9 1304 7340 84
10.9 98.4 4.7 1383 8644 80
16.0 62.3 20.1 1553 11373 77

.Kicrounpcr-/-tcradlnn and micropounds/steradias.
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uring Ron 69C3-09, aowms prellminary pecrformence merpliog of the
snoulus wic. ctoring electroden vae al sccomplished. The revults
are showra tn  igures 31 and 90, Aa extrapoistiom ot the dsts ia
Pigure 8] indicates thal 2 25-aficrepound, 1000-«econd operating
point mav be found at a feed pregssure near % laches sad & source voltage
weat 14 kv, This point btecawe th~ baeis for s standird degign of 2
I5silcropound source. The wvectored source used bere had two defiector
eiectries, butl the geometry vas not much diffetent ‘rom that of e

pouTce with thiee Jdeflecior electrodes, to be dirscussed delow.

Durizg the performance mapping of the single vectored snnulus, the
extractor was run constantly at -1.79% kv, Some extractor drain was
oteerved, di1t alwvavs less than ) microsgeres. Thers were po eignificent

current draits to the vectoriag electrodes.

2.3.8 Rum $909-0]. Thres-Vector-tlectrode Resesgreh

The roncept of uning three wector electrodea {s a umique ocue vhich
seras part .ularly wvell sdapted to the AMC. Ia the first place, tha
s)it sovvce is large enough (1/8-inch dismeter) to accommodate three
electrodes around (ts perimeter without serious fabricatica or assembly
tolersncy prodlexs. Secondly, the use of three wectoring electrodes is

consistent vith the use of 2 bexagonal paciing geometry in a ucdule.

The haxagcnal close~packed geometry bas three principal axes which
lie sy satrically ot angles of 60° from each other. Aloag these axes
lie rows of sourcas spaced at tha pearest uc!thbor distance. Between
each row there {s coough room to tun a vector electrode support rod for
all the sources in an adjscent row. The support rods for esch of the
three principal nxes wuat lirx ot diifereat levels to avoid {nterference

with each other.

A three-el: (rode vectoring ucheme was tried ou & .ingle slit source.
Figure 93. showe the arranyemen. of the vector electiodes in the
extractor hole. The slit umed wan the same as that of the rwo-electrode
study and the dimuafous of the sectoring elactrode cvlinder werw also

the camw.
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Pigure 93.
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a. Ixtractor-VYector LKlsctrods
Assembly from Iest

b. Froat View, with 31it in Place

Experimental Siagle S1it with Three Vecturing Ilesctrodss
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T™ie 2iif was run {n the & ¢t x 8 ¢t teet chumbat, Puczess u..y
thrast vectored ia one p.sne, ar. tha bass wae photographed
[Flaute ‘a). T™he slit performence cloeely metclod the data fiua!
for the twrvectorslectrode singie slit. Besed on the viswal evidence
of the photograsphs, the nominel boam spreead from thie sour:e ves
from 9 to 1l degrees. The beam vectored up at on mgle uf 9 degrees,
and dowa at so magle of 8 degrees.

The vecturing electrodes were oriemted wirh the gops < 0, 120
and 140 degrees, with zero degrees being straight ye. Thue one vector
electrode covered the bottow and two the top. The upward vectored
besm was accowplished with the two top electrodes at } kv, and the
bottom electrode at 11 kv. The dowrrwasd vectored bess was v with 9 kv
on the two top electrodes and J kv on thae bottom. In the worst casse
the deflection vol-age was 10 kv, giviag «.mwoet 1700 volri/degres.
It was asssier to vector dowvtward, sith a voltage differential of ¢ kv
and a vectoring capability of 750 vilts/degrze. This mighs de
expicred because of the asymsetricsl mechsn!wss hy which the deen vas
veztored. Again, oo significant drais currents were cbserved to sy
of the deflector electirodes or the extractor. Tha undeflected (~mm
wgs run with the vector electrodes st 6 kv.

These pictures we: ..d. while opevating at & source wnli. 2 of
14.4 kv, a ~urrent of 93-100 microsmperes, and a fead prusewr: of
. {nches. The IlP was nominally 1500 seconds, thrust 28 sicivpounds,
angd mass utilization effictency 70I.

12.3.9 Seven Source Module; 300-Hour Tesg

Seven individual slit ecurces of the woet recmat dssige were
fabricaied snd 1spedemcs tasted. The sversgs lapedsnre vae esgaivalsat
to about six needles per source, and the impadsnce metch wos good to
ouly about 1253, It {s felt that with more care and dettar wmethods,
such better impedancs matches could be odtaloed, but {I 418 mol ceartain
what sllowabla tolerances for {mpudance satching sre on sowrces of
this size. Alsco, tha impedance clioeen here was rather low, since
the scurces were being desigued for high thrust purpcees. Testing
of the module sbowed that 2 hirher {mpedeocs would prodbably be
desirable (scewthing of the ordsr vl three squivaleot weedlse).

B
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a. Yectered p: Top Kisctrodes
at 1 kv, Pottom Tiecirode al
11 bv

b. Vectored Down: Top Rlectrodes
st 9 kv; Bottow Llectrode
et ) kv

c. Tnvactored: All Llectrodes
st & kv

Figure 94, Time Zxprosuies of Beas from Slit with Idree Vectoring
Elecirod:s (Thruet: 2%uld: 7 : 1500 eec; Deam
Iffic.ency: 76 parces:) g
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The sevet pources were (netalis! 12 & axisting ssedle mséule
plecum which was sod.fled for the purpoes. Sy were tostalled (s 8
hesagonal patfern with sn extrector hoie dissmter of 0.130 iach sand o

vearest neighbor spec:ng of 0.4i0 {ach. The wm'ule vup wmvectored
(Figure 93%).

Figurse ¥5. Lxperimental Seven Sli{t Wcdanle, Unvectored

T™he module was tested driafly {a the 4 feet x 8 foot farility. The

highest perfurmance achieved 1s wummsrized {a Table 11-7 The l-willismpere
curreat was the l{i1it of the system's wesewrensmt capability. The 387 -v.cro—-

pound thrusc resulis 18 8 thrwst per seedls of 33 micropewnds. Sackstresming
slectrom current, souste extracter breskdown amd pae pemsraciswe wvere all
problems which were minivized bet set ressved My keupilsg the extracisr of o
high negative voltage. The ceater sowrce, is patticalar, was & eomrce of

. trowbls, iust ss hae Dewn exparienied (n the pewt vith hawagoual needle

goowmtrise. It acted as 8 focus peist Jor backetresmiag eslectres curremt.

. Its pavformance wes very srratic smd {t wee the cowse of mech of the sowsce~
extractor breakdowa. The rMm ved terw'nated aftsr agpproximately I homs.
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Tadle 11-7. Parformsnce of Seven $1it MWndluls
Scarce Yoltags = 14.2 v ™ruet = 187 sicrovTsmds
Sowrce Current * |l Ne Specific mpuise = ,)]) sec
Ixtractor Voitage * -4 kv Ruater Besa Efficiency = 18
Ixtractor Currsat = 23 ywmp Mase T.ow fate * 1)1 vgn/sex
Yead PTessure * ) la. %N Average UN = 1382 c/%g

Poeac- = euminstion showed all peedles mesmsged, dut the fami]llsr
traces of tary appeared ou the centerpiece. Tar dulldup ou the cester somurcs

had slrsedy progressed eignificaatly.

The seven—nesdie wdule vas them operated with ouly the six owter
needles eaitting. The cemter needle was plugged wp with wax bdecswese of
ita being tha source af wuch arciag end deem disvuptios.

v module vas inatalled ia the & by § foot chamber (10 inch
diffusion pump). [t wes opersted with a standsrd Ral glvcercl propellmmst
solutice, mnd 3 time—of-flight log wee kept. ™e time—of-flight distance
was 1.9) weters. Tra collector was rum groumded, with s -12 volt seppresscr
gr!d and & ¢]l1 volt screen grid fa fromt of {c. The rwa lasted 5080 howrs,
when {. was woluctarily term‘asted 00 that the neendles couii de examised,
emd the chamber could de release! for other experimm te.

Teble 11-8 gives & summsry of the Cimeeof-flight dats collected for

this rva. The high eud low velues are extremss, snd (s wrel caoes are mot

truly representaz ve of the scatter of the dats. The lstter wes spproxims aly

5~10%, depending om the parmmestsr. Jess and extraclor voliages, for
example, were quite tight, while feed preseure wes loose in scatter. All
time-of{-{1light pars etars ware fairly lovee sxcept dbesm efficiemcy.

The data showed & tremd, vaich {9 tllustrated in the tablas by giving
s sadisa, or nowminal, for three differemt periode of the rum; the begimmisg,
the niddle amd the end. ™Me meliame were aot 2Otained by snalvsis, but
rather were choses by cysball jwigamemc, after careful scrutioy. They
indicate & lowering of perfor amce as time goes cw. Mhis wee mnr-a_ to
b dwe to the preeencs of tar build-wp ou the centsr pluge of the seedles.
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All eix sanuiar peedles had “stalagmitoe” of tar Snlid-—wp oe the
Jenter Plugs. At lesst Ong Or two appearwd 2 have reeched 3 beight ef 1/132
{ach, spproaching the height of the oeedle Iim vhere (T cnld eignificantly
mdifr the fleld. The extractor had a laver of bre=w, .Jpper-like owdeCance
on {t, wiich began to sbeord vater vepcr after olis? * howrs in the
atwos-here., [t wvae surwised that the coatipng coatalined glycerol.

Table 12-8
$ix Anpular Needle Module, 500 Hour Rum, Time-of-Flight Svamary.
Thrust and Flow Rate are Uncorrected for Z{{{clemcy end Inergy Loss.

Parameter Nigh Low “od Lan
lst 130 hre. 130-150 hre. }30-300 Mhrs.

H{ Voltage (kv) 1.7 13.0 132 1).8 16.3
vem . "Tent (memp) 350 15¢ 420 400 %3
Teed Prees. = (in Ng) 6.8 1.6 2.3 1.3 1.6
Extracior Yoltags {kv) -3.0 .¢ 2.1 ~-1.3 -1.7
Extramtor Current (memp) 2.4 0 .13 1.3 1.7
Chambsr pressurs x 10'_6 torr 4.2 1.9% 3.0 3.2 1.8
!'? (sec) 1643 1159 15% 1510 1480
Thrust (amld) 139 99 120 113 110
Mass Flow (uga/sec) 4.3 27.6 1%.0 3.0 3.0
“arust If{ft{ci{eacy (X) Te.4  68.8 2 ig (3]

Average QM (coul/iLgm) 13,900 9,500 12,000 11,400 10,7%

12.3.10 The Tar Pormetion Problem; $00-Hour Needle Ram

Vhea the first snoular sredles were rum, 1t wes ocbeserved that
the cvuter regiocas would dbecoms covered with s rhia layer of glycerol
propellant which gradually polymerizad iato tar. This cemtar layer
would foam cousiderably befc. s becoming polymsrised. The fosming
ves csused by secondary electrom bombardmeat libesrstisg hydrogea
pas 1o the propellant layer. The electroas resuited froa imterdesm
collisiom processas occuriag oca the seedle side of tie magative
potestial barrier, whare {t is possible for the electrems to return
to the seedle. The yellow glow {s froat of all eperatimg colloid
devices {5 sa (odication that ela-trows are beisg nede. The effect
on anoular needlse js greateet bec mee: (1) the curtemt demsity ia
.ech ' ‘gher, which resclts is wore slesctrous being liiereted;

(2) thelir larger sise (relative to the lé-mil sesdles) sesns that the
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oegalive potentia. narrier f{a furthear dowsatresm, (hue crestiag a
_atge; volume frm which secondary electrons cam return to the
needia; (J}) the lirge negative potentiz! required to bias the sacwliar
sl.t providee there secondary alactrmas with more then eoough evergy
to polymerize the glycerol; ad (4) the socondary elesctrone are, by
the v ettty of the seedles, {ocused toverds the cemter of the sommlar
aeedle.

An obvious solutloq to the probles of tar forming (n the conter
ol (Sa snoulat needle is to Rheep the propellant out of this regioce.
T> achieve this, severai solutione were teeted during Seplember, with
7etving degtees of success. A promising spproach wes to drill a
1/32-toch deep hwle within the center plug. Drilling such a kale
coacentric vith the plug provided «dges which, vhem properly polished,
prevestec fluid from reaching the center of the plug. The seme
Jesign wvith a Te on stud 1illing the 1/3i-lnch deep Dole wvas alse
triad. This design (Tleurs 96) wus only a liaited success. X waa
{otended t et My nou-welting Teflow would keep the prupullent owsy
from tha :eater of the plug bdbut the Tefica surface became activeted
after several bdours of operaiioo end starced wetting. This ectivetion
vas prubatly the resu't of electrous bombarding the Tefloo surfsce
dur{aq operation. The Teflon plug wes remcoved prior to the naxt run.
s that run, we relied upon the actiocn cf surface tension os the
edges of the bole (o prevent fluid from peseirating into the cestsr
of tite plug. This wvorked well for 2 days st 90 ¥vamp bduc arcusd
the 50th Bour of operation the {luld begea T pemctrate to the cemtsr
of the plug. Upos removal, microecopic imspectioun indicsted that
vhlle the fluid had deen kept swwy from the ceater during wmost of
thve fwa, thers was a gradual buildup of tcr at the edge of the
1/32-tach deep hole where the immer saniscws of the fluid was. This
tar appesrod (0 act as a wick for propellaat, uvemTually drewiag
{iaid tato .he cemter.

Two other spproaches were tried, alse with limited success.
Ila ore, a Tefloo hut was placed in the plug to cover the fmmar
soaiscyr (Figure 97). This 4ecign wae intesded to frocCect the
weniscus regiom from elactrom bombardment. It wvas waseccessful,
bor. ever, @a the saniscus 2ucconiad {a reaching en axposed aresa oa rhe
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Tellica, prodably ad & twsult ¢ wom-ealfomm wetting. Joce tsr
{crmmiivn vas taltisted srvwnd (W edges, (he prope. leat swccearded
is c.iabiag o2to 1Hs sctivated Taflom ourfece.

Ths last epyproech tried wae perteps he loest obvicus, tdd
yroved te e & good ool wwre wwrcoerfv]l thad wot'cipated. i

wae the s:iwple exyedient of lettiag propelle.s cover the emtiys
cent2r plug.

s tAls sxperiment, am anom.sr sesdie vas cearstad {or .0 “owrs
with little significamc tar foraetiom. The ) wvas tersiaatod by
2 vacuel aczideat. The thrust wes lep: between .5 end (34 12, the
Z” betweon 1.0 and 1230 eecomds. persting voliages were 2.4 kv
on the weadle and -1.5 kv om the sxtractor. The curreat varied
d>etwesn ) amd My amp. i seedls ves dseigned (6 oporats with
the propallaat ¢ wpletely covering the conter piwg, although the feod
wae 9ti{ll throwgh the coaceatric epace betveen the center plug amd
outer vall. The prope..amt covered the plug to & devth of approximately
13 ails et the shalloweot part. After s day of operatios, the ceatar
fegion begea (o bubble occasiomally, but rvesined tar-free sad the
fluid remaioed clear. The bobdling suggescs that the cemtrr regiom
developed & rather high cowcentratiom of gas dwe to electrom bom—
bardwent docswwe of & leck of fresh propellant flow iago this reglom.
Daspite this stagnamt comdi{fiom 1a the ceater, there wase eough
tramepoct of propellamt out of tiis region to prevent e buildup
of tar. Thate was & tar builduwp on the oster rim of the needls,
Put 1 wos as¢ searlr a9 large o the mmowmt produced i(a ties cemtaer
of the seedlics during the 30 -hour rwa vith the sir—eeedles msdula.

Secendaty electrons bambardimg the weedle come {rom 2bs exziraster
and {rem the doam Ltsell due to charge exchomge #cd beem perticle
{aterasctisms occurring witdin the petemtial berrier.

The eloctreas prodeucyd within the bean can be redeced i eosmber
Wy waing & smaller axtre::or hele vhich reduces the velume of spece
producing (hees eslectroms by weviag ths potential barrier closer
to the nendle tip. Cutting swey scmm of the outsido material om the
shank of the seedle vi.. heve & sinilar effect (the emitting rim
vas 89 wiis ia dismnter but the sdamk of the enmuims wae 113 wils).
Ancther Cochaiqua whi-h rould be weed 18 rechaping the sxtractor wle
®0 that ealy s siaima]l aswat of the surfac: struck ¥y s feons is
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ia & poettion that vill perwit secondary eloctroes (o beve & trajectory
vl wiil lat them strike the swedie. Suwch em exTacto? would Yo
a flat wpper vwrface flush with t(he meedle rin ami 6 knife eigs on

the exiractor hole with Just sscegh Tadius .o ¢liminete electrom
saieslon.

Dperating tbe ceatar d>f the snwuslar sewdle [llled with propellisst
{mcreases the amownt c! propellsat eveporatizg a0 the seedle dismetet
i3 {acreased. THO nass evaporated (fom the momlar weedls ‘# ee

follows:

12.3.11 Rvaporstad Ness Fraction

-4
Evaporaiiom tate of glycerine at 24% (P=1.8x 10 gorr) e

givea by
b ]
I--—'—l—"—-—-l-;-,—-Ox!.O-‘p/m“m
B(lemhg) " *
where
P = pressurw ®» ~ the muse of the evraporating
N atom
| Avogadro' s number I - Bolt ‘e tamt
N = gram wolecular weight T = the sdeolule tempers .rw.

Since the d.amcter of the anmulos 1is 0.039 lsch, ¢ bwxispharical
sur{ace emitting area (s $ = Eﬂz - 0.08 az.

The eveporsating mese = B x §$ = 7.2 x 104 o sec.

The purcemtage vf mass evaporatad coupared te that carried by the
boam i® 9.5, ssswming 2354 1b € 1500 secomds requires 7.3 a 10* p/az
sec. The presesce cf Mal ia tha ; Tpeilant depreosen th: vapec
presenres, sccordimg to Racult's Law, from L/3 te L/A {eepemding wpen
whether tia %al complataly disessociates). I[a sddiriem, (Sere swy
e a4 furthar drop (s the eveporscion rets 1f s digher coatemtirstise
of Kal exists at the serf{oce hecawse of the glyceriae sveperaciem.
Tosts on thy smowmt of propallaat evaperstion versss time cas Y
maie to study this effect. I has alse bsem reperted is the iiteratwre
that the actual evaporatiom retes of glycerime inte & vcwme Lo
ectually 0.03 that pradicted by kisetic thery. Ve me, besever,
swspizions 3f that statement and feol (T meeds further aperimmmcal
verif{icatiom.
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12.3.12  Thnat Yectoriag, 6-Needle Arnylasr Wwa.e

A soduis coaslsting of & vectoradb'e ilasar arvsy of elx samular

lao wae fabricated cnd testad during October. A phot.graph of
the sodule {s showa {p Figu. e 98 and Pigure 93, The mwodile was
opacated (ot IV howrs, during which tiw the besr wes vectot d asver
a range of 14 degrees (_‘_70) at thrwets of 15C uid for a 1))0-eecond
!" boam. Por this thrast, I.P. and deflection the veedle voi.tage
was 14.5 kv, the seeu.e curtent 40K amp, and the d~'.ector voitages
10 and 7 kv. The runm vae terninated Secause Two of the & needles
(Mo. 5 and 0. &) could not be smde to emit properly. Thece needies
sppeared (o be plugged up and slmoet all of the currvat wvee emitted
from the otheat & needlas. Tiese particular seedies becomw plugged
o sgversl times during pro—rwm impedssce weasurements. The bdack
{lushing epparwmily did mot completaly clesm owt Uy I(nteilors snd
the propeliant eatrained the rwmeiniog particles snd returned thes
to whate the previows biochrage bhad vcomrred.

-1




Pigure 38. Top View _ooking Dwu om Extracter Deflector
Zlectrodaes, and Ancular Seedles of 120 uld
Thrust Vectorable “Wwdale.

Figura 99. Side View of 120 uldb Thruet Yectsrable Wodwl:

-229-




' X
»
)
RIYZRXNCES
&
13-1 M., Hubermsn and P, K{dd. ""harged Particle Llectrescstic
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APPINTIX A

1S Cmverter Operelive

Figure A-la lliuetrates the dasic 1¥S clrcuit, swpylying 8 load
resis.snce, R. The eunergy-etorage inductor, L, has o linesr {lux versue

MM} characteristic vith a slopa, X. It hasz a psimery wrinding, IX' ond

s secondary winding, ‘2' vith magaetizing iaductamine L, = ﬂi and Lz -
- &

K., respectively. The tremsistcr switch, Q, is sxternelly cumtrolled

LRl
'S
to turn oo and off cyclically within » time pericd, T. A oteady-etste

ope-ating cvcle of this circuit, vith fapet voltage & a and owtpst

voilsge e can be descrited as follinws, g
During the tisz intorval Tm. the transistor {8 evitched om by the
ds0e drive circuit end the ~urremt 11 10 '1 cowses the foductor to sheoth
enetxs froe tha fuput scurce. Mesowhils, dicde CR dlocky Zuy Curremt ina
'2' Trur 8 given quantity of suergy is stored in the inductcr during
Tou' when Q {s turoed off, the MMTF oaiiswity demsnded by the {adwctor
causes 12 to flow {smediacaly through ths dfode to charge tha filtar
capacitor, C, and load, R. The suergy stored {3 the laoducior dwuring

of {°

Yigure A-lb fllustrates the circuil wevaforms durisg ome rteed -

roo 1s thus relested to C end R during T

state opersting cycle, sssuing (desl compowsats (s Pigurs a-13. Voltage

.1 = e, 8croee ‘l during Ton’ causev '.1 Lo {acrease from L. T "b ot a

CoG " apy Tate e /nz, whils [ (s D ia N, . AC the end of 1, tlm
in 1 on

‘2 2
contimyous MT acting ca the {cductor causee L) - '1‘\5“2 to etar. firom-
ing 1in '2 and decreasing et & coustant rate oomz. Durisg this time
intarval TO”. 11 = Q. Since the increasps of MNY, llul. dur ing T“.
should be tdenticsl to the decresse is YNF durimg rﬂ”, for ctesdy-eiate
operatiom,
1 2
14
" Ton (’u'“l) =¥ Teer (’omz) .1
from which
] 3, 7
£ .2 (a.2)
*1a 1 ot
A-1
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Thue, despl.e 8 varistica 13 Llopwt volitsge, 8 comwtast cutyut veltage cem
ds malntaioed by comtrolliliag the ratte f“’T.“ with the boee drive
cirvuit.

Figure A-2 showe the circuit veve{crus Lefore and sfter the occwiTemce
of 7a output sheort et ¢ = t vhea tle prwer (ramcister Q 1o comdwecting.
Current il does ot lacresss sbruptly, ss Q sees amly the imductor with
iaductan.e Ll and sot the short circui? im the owipat. While 2

'2 ?oﬂ’“z for sach cy-le defore the skort comditiss, R

1 r_u
1 r“u‘ >

l2 ‘ro”Mz v 0 after t = T, .. the output voltage becomes 0 derimg 1’0".
Therefore, the current level o "1 is ateadily i{ncreaved om ssch acCosding
crcle. The system cas be shut dowa by & curren: -eemsicg circuit (for

example, after the fourth cycle as Iadicatcd ia Pigurs 4-1) s a8 wot €2

:ll

sllow the energy-srorage (nductor tc go imto seturatiov emd cee o
current gurge {0 Q. The sloved emargy of the ladwctor goes te U followling
system shutdows, sod the src (s extinguished. VOes power 19 tvrraed om
sgaio afzar the rewovel ¢ the sbort circuit, the iaput curres: sad the
cutrut voltage graduaily duild wp 2o thelr reepective scesdy—etate velase
resulting ia & ®nft turmm-on. Thus, during either & startw Cr a sevwiw
output shurt, oo power condifisning cowpoment fs subjected IO excessive
atresc {rom voltage or current! transisots. Taois i l# coatraat o the
wote convedtional Jasigns whe'e heary in-rwsb currest sy occer durisg
starCup and so ouiput short is ;srflected denk to the power sourcs withis

8 ball-cyzle of theé opevating frequency. his tmmusity of the powsr com-
pooents 8 the “eneryy lsdlisg” circuit to Migh-woltege smd/or Righ-—cerrumt
transients grestly sohauces the syetem reliakilicy.
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"A program to develop and advance the technology neaded for practic-l colloid
propuision flight systea is described, A 100-wmicropound, 15C)-second s:ocific
impulse, vectorsble colloid thruster concept has been developed and tez-ed.
Several oeutraliser concepts and their interactiocms with the colloid be:m plasmas
potential are discusced.

Cirect thrust zeasurements bave Lesn correslated with tise-of-flighc calculsti-as
for various .00-micropound collolid thr ater coacepts. Several propellarcts, including
liquid metals, have deen investigated. The fessibtlity cf puliad snd AC colloid
propulsioa has been investigated. “arious single-wvesdle cnlloid experiscats ware
performed.

A preliminary power conditicuing approach for s l-willipousd, orthagomelly
thruse vectorable crilold rystem has been developed. The anticipated effects of
synchronous orbit sclar radiation on needie opersting tespersture have :een
exzmined.
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