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FOREWORD

This report is submitted in fulfillment of tho
requiremenis of Contract AF49(638)-351, the
experimental ion rocket program being conducted
by Rocketdyne, a Division of North American
Aviation, Inc. The progrm is sponsored by
Air Porce Office of Scliontific Research, Pro~
pulsion Research Division, This report waa
reviewed and approved by R, Il. Boden, Program

Engineer.

Principal technical contributors {ncludae:

A, T. Forrester, R, C, Spetsor, D. J. Kerrisk,
T. A, Coultas, P, E., Schumacher, J, Hyman,

M, L.Switt, and A, W, Devoraux, The Technical
Editor was E. W, Cornell,
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ABSTIACT

The purpose of thias program is to gain an under-
standing of basic eleotrical propulsion prineciples,
propellant proporties, and ionization and accelera-
tion toohniques. Experimental studies were performed
on contact ionization ion sourcea, ion acceleration,
and ion boam neutralization. Small research-type de-
vices were successfully oporated in ion motor coufigu-
rations to verify theoretical analysis and to inte-
grate experimental tecats on componenta. The report
discusses two types of vacuum systems: a bell jar,
and a small steel tank., The tank operation proved
more versatile, and two working variations of the de-
vice were built and tested. Instrumentation, fabri-
cation, and ncutralization techniques are described,
and future work is outlined.
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INTIDUCTION

During the contract year, effort waus devoted oxcluaively to contact (nur-
face) ionization sources utilizing cosium as an oxprilant. Analytical
considerations indicated the suitabilicy of thias type of system for ion
propulsion. Calculations of the interaction belween ions and neutral
atoms dictated that the cesium be delivered to the ionizer surface by
diffusion through a porous matorial. The several ion devices utilized
in the experimental program were of this type.

Delivery of cesium to an ionizer surface from the downatream side is not
feasible because of the excessive scatiering of the beam and the volt-
age breakdown problems that would ocour due to the relatively high de- .
livery pressure necescary. There would alsac be excessive losas of un-
ionized propellant. Cesium delivery muat thorefore be from behind the
ionizer. The requirement of very low neutrval-to-ion efflux ratio fron
the ionizer de? ‘mines the use of a very fine atyucture jonizer in the

folloving manner:

Conaider an ionizer having raised and recesaed areas, the raised avcas
being closer to the accelerating electrode. The buildup of space chavge
wvould prevent the emission of ilons from the recessed regiona because tho
fields would not penetrate into those arcas. These arcas would then cen-
uribute only neutral cesium atoma to tho total efflux. 'l!ecnuae theae
areas are upatrean of the ion-cmitting areas, thu cemium concentration
wvould be higher, and too high a percentaze of un-ienized propellant
vould result.

In the caae of ch!hr;ry of cenium hy Jdiffusion Lthraugh a porous material,
calculations vere made of jon ard acutral atom efflux ratun. Froa data
preaonted in Rof. )1 4t has boeu determined that to prevent the escenuive
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evaperaiion of noutrals fron a tungsten ionizer, it is nocossary to main-
tain the covorage of the surface to less than % percont of a complote
monatomio layor. At temporatures of 1600 K, very large ion curronts

(80 n/cua) can be obtained with a coverage of only 1/2 percent. The
problem was attacked by calculating whother diffusion of cesium over the
surface of the tungsten could deliver adequate cesium to the exposed
surfaces from the deeper-lying surfaces if the coverage diffaronce is
only 3.5 percent.

The rate at which cesium will be delivered to the 1/2 percent covercd area
from the 4 percent covered arca depends on the surface diffusion constant
and on the geometric relationship of the two areas. A diffusion constant
extrapolated to 1600 K from lowver temperature values of Taylor and
Langmuir (Rof. 1) for cesium and tungsten were used. It was further aa-
sumed {for simplicity) that the surface had the form of a checkerboard
with red squares having 1/2 percent coverage and raised above the black
squares (vhich had & percent coverage) by an amount equal to the side of

a square. For thia situation, the delivery of cteium al a rate adequate

to provide 80 nq/cne from the red squarea requires that the square sizo

be not more than 10'~ cm, If the assumed surface is regarded as an
approximation to the surface of a porous material, 10.“ cs can be speci-
fied as a maximum pore eize and pore spacing. This aize sppeara to be
ecaniiy achievadle with uvaiiable techniquesn. Pupther calculations indi-
cated that, for a 1/16 in. thicknews, thia poro mize will provide an
adequate thyroughput of cosium with a presaure difference of the opder
of 1 mm of morcury. Te achiove this preawure, it wiil be necesnary to
maintain the coeium reservolr at a temporature of 275 C. The average
fon current density from the lsalzer undor thoss conditions would Lo

40 ll/cua.
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Aseaning thus the porous fonizer radiates as a dlack hody, the pover re-
quired for the j:nizer hwating vas compared wvith pover which must be uused
to eccelerate the lons. The black body rudiation is actually gn uppor
1imit to the pover radiated because the emissivity of tho surface must
be less than unity, and because the accelsrator will serve as a hoat
shield. This ocalculated loss way vell be as much as five times too high.
At 1200 K, the bdlack bdody radiation {s 12 U/CI?- It ve accelorats the
available ion current (0.4 -a/cn?) through 15,000 v, 6 v/cn? is dolivered
to the beam. AL higher temperatures, the situation becomes much more
favorable. At 1500 K, dlack body radiation increases to 29 v/cl?. but 1
the available ion current (28 -a/c-F) 13 accelersted through 15,000 v,
the powver into the ion beam is 420 v/cua. G

Conaiderations of eleotron bombardment of the lonizer by electrons pro-
duced by photoelectric emission, thermionic emission, or high field
offects at the accelerating electrode, indicated that these pliencmona
oould be negligidble.

Due to the low epecific charge of cesium, direct electroutatic accelera~
tion wae found woat suitable in the ecarly experimenta. Thia vas later
nodified to an accelerate-decolevate syotem in anticipation of neutpaliza-
ticn of the ion deam with cleotren emittors near the exit aperture. tThe
accelerato-decelerate systum prevents the boaw neutralizing electrens [row
getting back te the fonizer and aleo allows scmovhat highor space-charvge,
1imited-current deasities in the accelorative gap.
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DISUSSION

Initial oxperimentation wae |mr(ummi in a bell jar vaouun svet ‘hich
perfoimed sallufoclorily for nimple conligneations al moders:. voltages,
dut proved inconveniont for more udvanced duvicos. In Felruary 1959,
touta vore started in the mure vormalite 8B-in. tunk faci: 'ty and tho toats

have continued to tho prosent.

BELL JAR OPERATIONS

In the first surface fonlzation tealu, cosiwm wun Jdiffysed through a
1/8-in.~thick, 1/2-in.~dia, porous geaphite toulzor in the apparalus in
Fig. 1 and 2. A porous tungalon lenizer war alwo used in thig configura-

tion. [opreaontative data urv presented in Pig. Y and 4.

It may bhe noted that the reservelr lemperaluven recorded are much teo low
to provide sufficient cealum vapor presmure and flovrate to suysatain the
curnnh. wcasured. The thorwal iwolulion of the ienerveiy from the foni-
zer region wan not adequate amd the eesium was keated by padiation and
conduetion dovm the delivery tube heuting the wurface of the cesiua in
the rveaervoie. This vai corrocted in later teatn by tha incluaien of
radiation shielding inaide thinaer-vuliod delivery tubow.

The ahapea of the cutvee of Fig. 3 are as oupeated for upage-charge-
limited asd temperature<limited opevatisn. The ecurrent varien an V"‘la
for high feaiter temperatures and Jov accelevating veltazes. The gradual
deeake fa the curves to Lemperatupes)imited valuse are due te the fact
that the current can de space charze Vimlted in the coater of thg. g

ture and (smparntore Jimtited fn the fepiphecnl area. Stmee apezation ab
Bigher temperatures vae stil) pactially apcce churge liwbted, 1€ vus du-
clded Lo go to higher curreat donaily handiing capacity eceatigurastius.
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Accordingly, & elit-shapod mourve 1/8 in, wide and 2 in. long utilizing a
porous nickel ionizer vas tested. Oporaliod was not succemsful, and
later examination dimclomeld that the pores had closed. Another nickel
fonizer wae tested with similar resulta. The reason for the loas of
porosity was not olear, and the use of nickel as an ionizer material vas
discontinued. ‘

EIGHT-IN. TANK OPERATIONS

The vacuum tank is a siainlesa steel cylinder 8 in. in diameter and 2 ft
long (Fig. 5 and 6). The tank is evacuated through a k-in.lgate valve
and & liquid nitregen cold trap region by a 300 liter/seco, three-stage
fractionating, oil diffusion pump.

The diffueion pump has & valer-cocled baffle at ita inlet and is backed
by a 7-liter/sec, two-stage mechanical puap also uaed for roughing. The
diffusion pump fe vater cooled and it haw an auxiliary cooling coil on the
boiler to aliov fast cooling on shutdown. 1lta apeed dvopa to 100 liter/
sec al 10'6 sm lig. To provide far hoth monitering of pressure and trouble
shooting, there are ion gages in the main tank and iw the liquid nitregen
trap region.

Doih end plates of the vank are removable, and len sources and collectors
are directly mounted on end platea which can then be attached as demived,
In addition theve are three, A-in.-dla porta for viewing or instrumenta-
tion. Tvo are at 90 deg and 6 in. from the ends ot the tank, and the
third {u in the middle of the tank at a A deg angle. The tank is wrapped
vilh cooling lines to increane fta pover haidling capacity.

§

Experimcntation was avitched to the A<in. tank ae sgom as it vas epepable.
Tle fivet dovice oporatad van donignated SAMNY (Fiz. 7 and 8). It
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foatured a 1/2-in.-wido by 2-in.-long gruphite fonizer clwaped to a
molybdenum box with a platinum gasket. Tho heater was a 0.060-in-dia
tungaten, hairpin filament mouniled inside lhe box. A hoater on the
veservoir assembly and a squirti tube on the vaporizer bdlock allowod tewmp-
erature control of the cosium delivery pressure. The whole sourco was
operated at high positive voltage and inmulatod by the uso of a scction of
pyrex pipe as the mounting systes.

The accelerate-decelerate configuration was used in this and succeeding runas.
Several partially successful runs vere made wvith ion currents up te 6.3 ma
being measured at the collector. The graphite lonizer had to be replaced due
te cracking of the graphite. This wvae atiributed to an interstitial soaking
up of the ceeium by the graphite with conacquent swelling and cracking. The
use of graphite has, for the time bLeing, been abandoned.

It was decided ecarly that the lemperature countrolled cesiun delivery aywilem
did not afford fine enough control, and a second device, deaignated € .iv
van develeped. CHADLIE featured a acedle valve i{n the cesium supply 1.. -
With this source, a porcus tungaten foulzee was uased, mul becanse of fabri-
catien difficulties, initial ruraing wan carried out with a circular geeuetsry.
The lonizer vas ¥ 16 in. in dianeter and velded into the end of a molylLdenus
tube vith an external heater filament {Fig. 9 and 10).

The CHARLIE vait provided data from several geod teats. Soae repremoutabive
data 1o presented in Fig. 11 and 12, Fipguee 1| shows the varinticn of the
collactor atd other curvents wiil the pateatial of the isaiszev«-field uhaping
etectrode assemdly (9 p). The accelerating elecirodo (@N) van hold at 2.4
kv negative peteatial. Somw of the total current from the jonlzer wan fnlops
copted By the accelerating electrode and the greund eleetrade--the latter
dropplug to zero as OP vas {reveased. Yhe cuprent fulecsapted By the
accoloraling electrods passva threugh o mitfuw an Gp fncreascs, ludicating

R-170) 1L}
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optimum foousing at the point for the fixed (bN' By this type of test the
focusing propertias of the accolerate-decelerafe asystem can be determined,
Figure 12 shows the variation of the cqllocted‘icn beam current with ¢¥
with fixed ratios of @ to ¢p a8 parametors. This type of test also
helps determine the properties of the acoelerate-decelerate system.

The 4-ma currents obtained correspond to current densitites of 30 mn/cm? at
an ionizer temperature of about 1500 K. This current density is several
times that needed for efficient operation of ion motors at that tempera-
ture. The 12-~kv net acceleration potential corresponda to an exit velocity
of 1.3 x 10° cm/sec giving a specific impulse of 13,000 sec.

Small biasing voltages on the collector caused large changes in the meas-
ured collector current as shown in Fig. 13. This is a photograph of an
oscilloscope trase with current as ordinate and ccllector biasing voltage
a8 abacissa. The current varied from 1.3 to 4 ma for a collector voltage
variation from -10 to +10 v. 1t is clear that such small voltages ;annot
produce appreciable variations in the irajoctories of 12-kv ions. The
cause of thesa‘currant variations has not been definitely assiguied, but
they may be due in part to secondary electron emission at the collector,
and in part to the existence of slow electrons and iona throughout the
volume traversed by the beam. These current variations emphasize the
necessity of auxiliary measurements on tho beam, such as thrust or bhoan

power measurements as discusaed Lelow.

Oscillations in the beam current wore obsorved at frequoncics arcund 100
kilocyclea per second. The frequency suggestod two possible mochanismm.
It is tho correct frequency for ion plasma oscillations corresponding to
the average density of ions betwoon the source and the collectoy, 'The
half poriod of the oluciilntiona aleo corromponds to the transit time of
the fast ions. Some data on thome oscillations are premonted in Fig. 14,
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The ocecillations conld be readily quenched by raising the negative volt-
ago on the acoclorating electrode, or by allowing the pressure in the

chauwbor to risc. Under no conditions vere osoillations obagrved at cur-
rents loss than 1.2 ma (corresponding to about 10 mn/ccl2 at the source).

It ia important to investigate these omcillationa thoroughly and to deter-
muine whether they are inherent in this Lype of ion motor oporation or are
initiated Ly the tost facility. If they originato in the accelarate-de-
celerate rogicon, for instance, then it would be necessury to deteormine

their e?fect on tho efficiency and lifetime of the motor. If they are

due to a cavity resomance effect, depending on the tank dimensions or the col-
lector losation, then means of eliminating their effoct on other data may

bs found. The determination of the source of the oscillations will be pur-
sued concurrently with other tests in future runs. A grounded fine wire

grid inatalled in front of the collector is expected to reduce the effect

of the two current variations notad on olher moasuroments.

EIGUT-IN. TANK INSTRUMENTATION

Resorvoir temperatur«s were gencrally obaerved with iron/constantun thermo-
couples. Jonizer temporatures wverc measurcd with a platinum/platinuu-
rhodium theimocouple or with an optical pyromoter where the view waa un-

obatruotod.

Mensuvemonta of the power in tho boam were made by ohsovving the temporn-
ture rine of wator clroulating at a moasured flowrate through a coppup
cono in which the boam vas colloctod (ahown schemationlly in Fig, 2).
Thono moanuromenta, initially made with theimocouplen, gave wnblafuctory
chock with zoro blan‘colloctor roadings, hut the indications wore suall
il responno timos ac long that proolaion was poor. A much lighter cone
waa conmtructod, and the thormocouplon woro replaced with rowintance thero
momotors #o that high sonsitivity and shorter response time are now
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availuble. "Calibration provoed tho dovice to be adequately linear with a
senaitivity of 1/2 w in the 0- to 100-w range aml an accuracy of 1/2 per-
cont of full range. The range can be pxtended by reducing the reaiatance
thermomoter bridge excitation current, or the sensitivity can be improved
by raising the bridge current.

The colleclor shown in Pig. 15 and 16 was used to measure the thrust pro-
duced by the ion beams. It conaists of a grooved graphite hoam-collecting
plate and a capAcitive displacement tranaducer mounted by pendulum sup-
ports with magnetic damping. For a 4 ma, 12 kv ion beam, the thrust should
be 160 mioropounds--far above the 10- to 20-micropound noise background of
the measurement system. The thrust measurement did indicate nbproximutoly
this level, but varicd erratically with current and voltage. Lack of re-
produoibility of these weasurements is attributed primarily to the oscilla-
tions previously discussed and which were discovered subsequent to the last
use of the thrust measuring device. For currents of the order of 1 wa, the
collectar occasionally showed doflections opposite to the direction e¢x-
pected. This was attributed to electrostatic effects expeoted to be olim-
inated by the inclusion of the fine grounded grid in front of the collector.

FABIUCATION TECHNIQUES

A continuous problem has been the leakproof mounting of. ionizors to the
cesium delivery systom in such a yay that their poroaity was not affectoed.
Graphito ionizers were nickol platod around their poripheries and Lrazed
or volded into position, or, in thy caso of the SAMMY device, olamped in
placo vith a platinum gasket., Nickel was holiarc wolded, and wngaten
vas holiarc welded to molybdenum or brazed in with nickel. Currently,

a spog-welding tochniquo for mounting porous tungmton to molybdenum is
boing pursued.
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NEUTRALIZATION

Following the close of the period covered by this report but prior to its
writing, the neutralization of an ion boam was succosafully undortaken.
Electrons were supplied dy a themionic omittor at the neutral vlectrode.
The collector current measurement dropped to zero while the calorimetric
pover measurcment vhich had agreed with the un-neutralized ion current
ueasurcment remained unchanged. This meant that the correot ion current
wvas still reaching the collcctor, because the pover delivered by the
electrons wvould be negligible compared to that of the 12 kv energy ions.
This test was made at the end of a brief run vhich had to be torminated
because of high voltage difficulties reaulting from too-close spacing of
the field shaping and accelerating electrodes. More thorough testing
under stable operating conditions i3 scheduled in the immediato future.
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During this period, it has been ascertuined that current donsities us large
as 30 n/cn2 can be obtained at 1500 K from a porous tungeten ionizor.
Tuis ie in accord wvith expectationa, and is more than adequate for offi-
ciont ion motor operation. There has also been evidence that the aimple
expedient of appropriately positioniug a thermionic electron emitter ia
adequate for neutralization.

Several important problewa remain to be attacked. It muat be ascertained
that the efflux of neutral cesium is amall, compared to the ion efflux.
For this purpoee, a hot wire detector will be used. This consists of a
hot tungsten wire with a suitable collimation eystem directed toward the
source, and it detects neutral cesium atoms by ionizing them and collect-
ing the positive ions formed. Another planncd test is the comparison of
the veight lows of the cesiuna reservoir with the total integrated current
for an extended run.

Electrode geomotry, bean focusing, and neutralization studies will conm-
tinue with emphasis on extended and iterated fonizer configurationa.
Fabrication techniques are an important problem for the larger ionitars
and are currently boing pursued. The posaidility of obtairing vire in
the micron size range and of fabricating lonizers out of this vire, or
of using finely etched filus of tungsten, are under iavestigaticn.
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