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ABSTRACT

Cathodes, isolators, ané vaporizers 2r7e critical components iz determiming
the perfornance and lifetime of mercury iom thrusters. The resuits of life
tests of several of these compoments are reported. A 30-om thruster CIV test im
a2 bell jar has soccessfully accomlated over 26 000 hours. The cathode has
undergone ©5 restarts during the life rtest withouw?! reguiring amy appreciable
increases im starting power. Recenmtly, all restarts have been achiewed with
only the &4 volt keeper supply with no chanmge required ir the startimg power.
Another omgoing 30-—cm Hg thruster cathode test has successfully passed the
10 000 beour mark. A solid-imsert, S-cm thruster cathode has accumclated over
4 000 hours of chiruster operation. All starts have been achieved without the
us2 of 2 high voltage ignitor. The resuits of this test imdicate that the solid
impregnated insert is 2 viable meutralizer cathode for the S—<cm thruster.

INTRODUCTION

Electron bombardment thrusters have been under development to provide dboth
auxiliary ané primary propulsion functions for a large variety of space mis-
sions. In general, the missions proposed for these thrusters require lifetimes
of up to about 13 000 hours (Ref. 1). Thruster design verification requires
life tests of durations of the order of the time anticipated in space appli-
cations. The iife time and reliability of electren bombardment thruster are
significantly dependent upon the performance of several critical components.
These components inc lude cathodes, vaporizers, and isolators. Cathode perfor—
mance is critical te overall thruster performance and controcl. In additiom
cathode starting requirements must be compzatible with power processor require-
ments. Vaporizers must be capable of long term operation with no significaat
variation on flow conductance in order to assure that the thruster remains with-
in thermal and electrical control envelopes. Finally, propellant isolators must
be capable of withstanding the ion accelerating voltage in crder that the pre-
sent thruster svstem grounding design remains viable.

Life tests of various 8 and 30 cm thruster components have been conducted
at Lewis Research Center (Refs. 2 to 7) as well as elsewhere (Refs. 8 and 9).
This report will update results from a 30-cm Cathode-isolator-Vaporizer (CIV)
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1est Tha: has accomelated over 2o 00 howrs. Alse Ssescribed wall be another
30-ce Cathode—Taporizer (CV) life Test which bas eperazted for ower 16 GOO

bours. Operataimg characleristics of 3 30-cm mein c2thode vaporizer wuil be de
scribed and recommendatior {0 apPproPprisle acceplance lests ave offered based oo
these Tesy reseclts.

Recem iy, the inserts of the F-on Threster were changed iven the rolled
foil o the solid impregnated Iy A test of 2 nestralizer cathode with 3 hol-
low solié inserTi operaling o= 2 x Thruster has accumclated ower SOB0 hosrs.
The periormence Cusracteristaics of such a cathode will be described. The ce-
sclts of these tests ané Those comducted clisewhere (Ref. 10) resuited :m the
fimzl thermal desigm corfigeration of the $~cm mestlraiizer cathode.

APPARATUS AXD PROCEDUSRE

Some of the compoment test condilioms have beesm édescrided 1z previcss Te-
porls and the Teader is refermed 1o the specific report for more dezand.

3i—cu Cathode-Isolator-Vaporizer (CIV) Test

The descriptiom of the 30-om CIV cathode and its performamce uwp to 18 000
hours of operalion was Teported im Ref. 5 {(cathode #3). The isolator—vaporizer
description 2aé performance were given 1m Ref. o. After 22 600 hours a crazk
2ppeared in the tantalum dody, believed to be dwe to mecharical and thermai
stresses from a2 swaged fitrinmg comneciing the cathode to the isolator. The
tantziun body was 2lso weskened dy embrittlement from exposures to high pressure
csesed by many facility maifunctions. The original hollow cylindriczl imsert
was placed into a2 new cathode dody of the present ENT design. The first cathode
body had an 0.76 am orifice and 2 radistion fim with 2 collar. The repiaced
cathoce body has 3 (.75 mm orifice with a i.73 co fin with o collar. The 12—
sert in the original configuration was Tecessed (.95 cm from the tip. In the
second cathode body the iansert was placed ad jacent to the tip.

The isolator was of the usual segmented design, comsisting of seven short
2lumina chambers. The vaporizer comsisted of a2 0.45 cm diameter porous tungsten
plug and the propeilant fiow wds controlied by the temperature of the vaporizer
plug. This test along with the other 30—cm component tests described herein
were conducted in 30-cm diameter ports in the 7.6x18.3 m vacuem facility oper—
ating at a nominal pressure of | to 5x107° torr.

30-cm Cathode-Vaporizer (CV) Test

The description of this cathode and its performance up to 3000 hours was
reported in Ref. 5 {cathode #5). The cathode body essentially had the same
dimensions as the replacement cathode in the CIV test described above. The in-—
sert was located even with the cathode tip.



3W—cx Vaporizer Jests

The vaporTiDers lested were the standard ENT vaporizer atilached to am 1iso-
lator. The porous tungsten plug dimensions were: G.451 cm diameter améd 0.117
o long. Provisioms were made so That the mercury propeliany lame could be
presscrized wp to 120 psia wilh milrogen gas.

$-cn Beatraiizer Cathode Test with Soliow (vlimdricai Iamsert

The neotralizer was that of an INMT desige (Refs. il amé 1I) emcept that the
rolled foil i1msert was replaced by 2 bollow cylimdrical i1msert made of the same
poTOous tumgsten 2néd emission materizl as the 3l—cm cathode imserts. The imsert
was 1.25 on lomg with am O.D. and I.D. of 0.23 and 0.12 cm, respectively, and
was placed even with the cathode tip. The meutralizer asseably and the <cam
throster om which 11 was operated are described im Kef. 13,

The following comditioming procedure was found to resulit inm repeatable
cathode restarts 2fler atmospheric exposcre: (1) preheat a3t low temperature
{350° C) for 34 hours, (2) cool down for 1/I am bour, {(3) preheat for ome
hour at approximately 1050° C, (&) ool dows for 1/2 am hour, amd (3) prebeat
for 1/2 hour at approximately 1030° (. Following this procedure, the cathode
ignition was attemplted by appiving vaporizer and keeper voitage supplies (with-
out the high voltage igmitori. If the cathode wouid mot start them tip heater
power was increased in small increments cover 5-10 mincte imtervals uatil igmi-
tion was odtained. If the cathode was restartec 2iter 3 facility shutdown,
ignition was Initiated with step #5. The cathode temperature was monitored dy 2
thermocoup l¢ on the tip of the cathode.

The test was conducted in 2 i.5x0.1 m vacwum facility im which the pressure
was maintained between 1 to 5xi107® torr.

RESULTS AND DISCUSSION

30-cm Cathode-lsolator-Vaporizer (CIV) Test

The CIV test was initiated on July 35, 1973 and has been operated inter-
mittantly since that time. The performance of tne cathode, isclator, arnd vapor-
izer over the test period will be described separately below.

Cathode performance. - Figure | shows the keeper voitage with time over the
26 600 hours of operaiion. The operating conditlons of the cathode were:
keeper current 0.5 A, mercury propellant flow rate 160-180 =A, and discharge
current general ly between 10.5-11.5 A, except during the first 6000 nours when
the discharge current was varied for different 1ntervais of time between 7 and

2 A.

The keeper voltage is a sensitive indicator cof cathode performance and any
variations in cathode geometry or insert effectiveness during operation is
directly reflected by the keeper voltage. It 1s evident from Fig. 1, that no
degradation of this cathode has taken place. The changes in keeper voltage dur-
ing the first 6000 hours are associated with changes of discharge current and
mercury flow rate. Swaller changes in keeper voltage between 6000 and 12 6CO
hours can be attributed to changes in pressure in the facility and the many
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facility failures Surimg Ihe course of the life test. (Automstic shetdown of
tThe TesSt was InIlialed when lhe pressure Teached 527077 torr im the facilizs.)
Small wariztions in keeper woltage have been observed with facility pressure
changes zlsc by Ref. B,

After 2 facility fairlure 27 zboptr 22 600 hours im the Test 2 lompitudinal
crack iz the cathode dody was discovered. It 1s surmised that this crack dewvel-
opeé becsuse of tantalun ewdbricttiement éuring 2 facility faliure and The physi-
c2l or thermal stresses on the cathode dody due To the swaged J1ttinmg used to
2t1tach the cathode to the isolator body. Because 1T was comsidered Thal the
insert of the cathode 1s the most critical compoment of the cathode, the carhode
body was replaced with ome comstructed of the present design znd the test -om
timped with the same insert. Becsuse The mew cathode body d1é mor hawe 3 radia
tiom cecilar 25 the previcus configuralion 2nd the 1nsert was mol recessad, The
cathode temperature imcrezsed from adomt $70° zo 103 C durinmp steady state
operation zné the keerrr voliage was reduced Bv appromimately 7 olts. & simi-
lar decrease of izeper vollage wis observed by Ref. 5 when the insert was mowca
adjacent to the Zip.

Another important cathode performance characteristic 1s i1ls staztimg Capa
bility. Figure 2 shows the reguired starting lemperztures of the czthode tip
duriag the life test znéd shows that mo significant trends in starting lempera
ture occurred during the les.. All startimg temperatures are below those where
excessive removal of low wi** fumcticn materizl occurs (Ref. 3).

It 1s siganificant to note that all starts after 25 144 hours were attaimed
with only the open circuit keeper voltage of 44 volts without the 400 wolr igmi-
tor used in the cathrde ignmiTicn procedure for the first segment of the test.
These data indicate T3l 11 may De possibie o eliminate the high voltage start—
e7 sectiona which 1s presentiy included in both the neutralizer znd main cathode
keeper power supplies.

Isciator. - As reported 1n Ref. ©, the zverage rate of increase of
~%x10-3 uA/hr of leakage current during the time irom %000 to 11 GOC hours was
weil within the established isolator performance reguirements. The average rate
of increase of leakage current from 18 0D0 o 22 600 hours was a2pproximately
7x1073 uA’hr. The i1sclater was operating at @ sliightly higher temperature
during this segment of the test and because the rate of increase of l:2akage cur—
rent has been found to be very sensitive to the isolator operating temperatuze
(Ref. 14}, this increase is not considered to be significant. The leakage cur—
rent was found to be predominantiy due to the contamination of the outside sur-
face of the alumina bodv.

Numerous times during the later stages of the test, the high volitage supply
was "tripped,” indicating a sudden surge of lezkage curremt or a breakdown.

This was believed to be due to high pressure excursions in the bell jar dbecause
of facility malfunctions. Because of these recurring facility problems the ap-
plication of the high voltage across the isoliator was not continued after 22 600
hours. There have been no increases in isolator lezkage current observed during
life tests of 30—cm mercury ion thrusters (Refs. 15 and 16). The prooable rea—
son for this fact is that inside a thruster the isolator surface 1is better
shielded from the facility enviromment and that the operating 'emperature of an
isolator inside a thruster is considerably lower (~250° C) than the tempera—
ture in the bell jar test (~360° C). Because of the semsitivity of the rate

of increase of leakage current to its operating temperature, it has been re-
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commended to keep the isolator temperatore as cosl as possible during all phases
of thruster operation (Rei. 15).

1zer. — The flow comfuclance of the vaporizer has been momitored dur-
ing The 26 000 hour test which has taken almost © years to complete. Figure 3
shous the flow calibratica of the mass flow raze as 2 function cf the vaporizer
temperature at the begimmimg of Lhe test anéd after 26 60C hours of aperatiom.
It is evidemt that the perfornance of the vaporizer has nol beem chamged during
the life test.

30-cn Cathode-Vapcerizer (CV) Test

Figere & showr 'lic keeper woltage of 2 30—<m cathode as a3 function of time
which kas accumclated 10 000 hours. The cathoce operatimg comditiomns were:
discharge cerremt of 10.0-10.3 & during the first 300 hours and 11.0 A,
thereafter, discharge voltage ot 12-.{ woits and 3 wercury flow rate of approxi-
mately 40 mA. Similiar to the test gescribed before, the performamce of this
cathode has not degraded over the accurwiated test lime.

The cathode was restarted 25 times. However, because of a partial short
circuit betweea heater elements, suliicient heat could not be supplied to the
cathode for startimg withou? am ignitor. The heater limited the tip temperature
to caly 960° C. This temperature was delow the 1G00°-1050° C required to
start the CIV test cathode vilaout aa ignitor. Cathode starting conditicas ex-
hibited mo significant degradation. Starting tip power fcr the first 3000 hours
was from 65-77 watts; wnereas, 7%-87 wails were reguired Te start during the
next 5000 hours. The small imcrease is not considered to be significant com-
sidering the detrimentzl effects encountered during the many facility breakdowns.

For both cathodes tested the starting temperature was slightly higher tham
the normal operating temperature of the cathode tip.

30-cm Vaporizer Acceptance Tests

Thruster tests (Ref. 16) and subsequent vaporizer tests have shown that
certain vaporizers exhibit changes of conductance with time at pressures com—
siderably less than their cold 1ntrusion pressure. Three vaporizes have been
tested and typical results will be presented.

In order to determine the operating limits of a vaporizer, the intrusion
pressure was measured as a function of vaporizer temperature. The data for the
three vaporizers tested are shown in Fig. 3. As the temperature of the vapor-
1zer was increased from room temperature to the normal operating temperature of
about 300° C, a reduction of up to 25% of the intrusion pressure was mea—
sured. These results are similar to those obtained by Ref. 17. The difference
of the intrustion pressure of the three vaporizers is not considered to be sig-
nificant.

A bakeout procedure was followed which resuits in the vaporizer returning
to its original flow calibration after an intrusion (Ref. 17). The vaporizers
were then subjected to varicus pressures and the mass flow rate at a given
pressure was measured as a function of time. Typical results of two of the
vaporizers are seen in Figs. 6 and 7 (Ref. 18). The conductance of vaporizer #l
changed in tests at two pressures over a period of about 150 hours
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aud them reached a steady walwe. These chasmges occurred at pressures coasider—
ably below the iatrusioa condition showa im Fig. 5. The comductamce of vapor-
izer #2 did set vary smil the conditions of intrusioca showm im Fig. 5 were ap-
proached. Vaporizer #3 exhibited characteristics clese to those of vaperizer
#2. The reasom for the differcaces in performamce are not knowm at this Cime.
Sair lime cracks ia the vaporizer may be ome possible explanation. The data ia
Figs. 6 and 7 imdicate that sore tham a cold intrusioa test is mecessary to ver-
ify wvaporizer desi= . It appears that each vaporizer say have to be sub jected
to a pressurized 1.J-150 hour test to werify that it seets the reeuired pressure
limits imposed by asticipated propeilant tamk operating pressures.

8-cm Bewtralizer Cathode Test

Perfomaace characteristics. - Solid impregnated porous tungstem iaserts
have béea imcorporated im a 15 000 hour life test of am 8—cm thruster (Ref. 9).
The imserts used ia this test were solid, cylindrical in shape and recessed from
the cathode tip. It wvas found that the main cathode operated properly during
the life test at a keeper voltage between 13-14 volts. Howewer, for stable
cathode operationa the meutralizer required 7.2 watts of power for most of the
test duration. Even with the additiom of the heater power, the meutralizer
floating potentials and keeper woltage were quite high at about 30—40 and ~20
volts, respectively. Because of imposed power limitation at that time, the
solid iasert vas mot believed to be a viable alternative to the rolled foii in-
sert. This imsert type did not require any tip heat during steady state opera—
tion.

Due to subsequent tests in which inconsistant cathode performance was ob-
served while using the rolled foil iasert, and the excellent results obtained by
the solid icsert in the 30—ca thruster program, the use of the solid insert
again was proposed for the 8-—ca thruster. The experience gained froam the 30—<a
cathode progras suggested changes whichk led to 1mproved performance of the 8-cm
oeutralizer cathode. To achieve the improvesent, the cathode tip-insert recess
wvas eliminated and a2 hollow insert was used instead of a solid one. The perfor-
mance characteristics of such a cathode are shown in Fig. 8 where the neutral-
izer keeper voltage and floating potentia: are plotted as a function of mercury
flow rate for various keeper curreant values. The cathode tip temperature is
noted at each data point. The minimum keeper voltage appears to be at a mass
flow rate between 8-12 mA. This flow rate is well beyond that required for ain-
imum cathode tip erosion (Ref. 20). The minimum voltage of 19 to 20 volts ob-
served in this best is comparable with the keeper voltage of the 15 000 hour
test with 7.2 watts applied. More significant improvement is seen in the neu-
tralizer floating potential. At a keeper current of 0.6 A a floating potential
of only 13 volts was measured, compared to the 30-4J volts observed in the life
test. Figure 8 shows that increasing the keeper current resulted in consider-
able reductions in the neutralizer floating potential whereas, the effect on
keeper voltage was minimal.

These characteristics demonstrated that a neutralizer cathode with a solid
hollow cylindrical insert could operate stably without the addition of tip heat
power. The observed keeper voltage of approximately 19 volts was still com-
sidered to be marginal. Therefore, some minor changes were made to improve the
thermal design of the cathode (Ref. 10).
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The keeper witage of the msutralizer cathode is showm in Fig. 9 as a func-
tiom of time for ower 4000 hours. Mo evidence of cathode degradatiom is seen
from this data.

The required startisg beater power of the cathode vith only the &4 wolt
keeper supply is showm im Fig. 10. The required power increased from approxi-
astely 25 to 35 watts deuring the first 2000 hours, and no significant increase
observed after that time. Somevhat discomcerting are the relatively high start-
ing temperatures of this cathode. Uhereas the 30-ca cathode starting tempera-
tures ranged from 950° to 1050° C, this cathode required up to 1220° c. -

It should be moted that starting woltage of the keeper supply of the 30-cm CIV
test vas approximstely 10 volts higher then the 8-ca supply. Therefore, the
exact reason for the different starting tesperature requirements are not koown
at this time.

Based on the promising results obtz2ined in this study and elsewhere
(Ref. 10), it was decided 0 replace the rolled foil insert with the solid bol-
low cylimdrical imsert for both cathodes of the 8-ca thruster. Also the high
voltage (5000 V) ignitor was eliminated from the Power Processor and a high
voltage section of 460 volts was substituted in the keeper supply to take its
place.

CONCLUSIONS

Results of several 30-—ca component iife-tests as well performance of an
8-cm neutralizer cathode with a hollow cylindrical insert are reported herein.
Two 30-cm cathode tests have accusulated up to 26 000 and 10 000 hours without
any apparent degradation in perfcrmance. (A cathode body had to be replaced in
one of the tests after 22 700 hours.) Starting of the 26 600 hour 30—cm
Cathode-Isclator-Vaporizer test was achieved recently without the high voltage
ignitor after six years of intermittent testing using the conventional high
voltage ignition. No additional heater power was required to achieve the low
voltage starts. Isolator and vaporizer performance was found to be satisfactory
during the 26 600 hour test. Satisfactory results were also obtained from the
30—cm Cathode-Vaporizer test. No degradation of the cathode was observed from
the keeper voltage characteristics or starting tip heater requirements during
the 10 000 hour test.

30-cm vaporizer tests results are reported which have indicated a necessity
of an additional pressurized time acceptance test to determine if a vaporizer is
capable of operation at a given pressure without a change in its flow conduc-
tance.

An 8-cm neutralizer cathode with a hollow cylindrical insert was tested on
a thruster and its performance characteristics presented. It was shown that
similar to the 30-cm cathodes, the solid insert cathode is a viable cathode for
the 8-cm thruster. A life test of the cathode over 4000 hours, with starting
achieved with a low voltage keeper supply, showed no deterioration in its per-
formance.
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Keeper supply vs. time of a 8-cm neutralizer cathode with

solid insert.
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