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Abstract

Sputtering and deposicion raves have been mea-
sured for discharge chamber components of a 30-em
diamecor mercury ioe thruster. It was found that
sputtering rates of the screen prid and cathede
baffle were strongly affected by geowmetry of the
baffle holder, Sputtering rates of thegbaffle and
sereen grid wers reduced te 80 and 125 Afhwe, respec-
tively, by combinntion of appropricte peonetry and
materials selectione. Sputtering roates sweh as
thege are commensurate with thruscer 1ffctines of
15 000 hours or more. A seml-cmpirical spuctering
model showed good apreemcst v« ith the measured
values.

Inrrodrerion

Electron borbardment thrusters have been pro-
posed for a variety of missions for both station—
keeping ond attitude control(l,2) as well as primary
propuleien. (3:4)  In general, these missiens require
thruscer Llifeclmes, atid asgoclited perfobmitiec and
contrel stability, for perioeds of 15 000 hours or
greater. A number of tests have been carried ouk
to identify the 1ife limiting characteristics of
these thruscers, These tests have indicated thet
sputtering of the discharge chamber components and
subsequent spalling of films of sputtered material
are two of the most fmportant life limiting phenom-
ena in electren bombardment thrusters. )

For example, considerable internal ercsion and
subsequent spoalling was ocbecrved in a recently com-
pleted 10 000 hour life test of a 30 cw diameter
thruster.(3) The detrimental effects of internal
erosion were alse cbserved in Lifeteses with the
5 and B cm electron bombardment thrusters.(6.7) 1In
particular, this phenomena was responsible for grid
damage and subseguent thruster shutdown din o 9 700
hour test of a 5 em diameter thruster, (6)

Several studies have been performed to charac-—
terize and eliminate the adverse effocts of intermal
eroslon in both the 8 and 30 em diameter thrusters.
(7:8,%,10) From these studies a larpge number of
thruster design and/or operating modifications have
been defined and verified. These modifications con—
sisgted basieally of (1) the use of lower sputter
¥ield materials at identifled erosion sites; (2)
special surface treatment of fdentified deposition
sites to improve film adfesion and/er control the
glze of spalled waterdial; and (3) certain thruster
operating condition modificarions to reduce the
magnitude of sputter eresion. The use of these
modifications has been recently verifiied for the
8~cm thruster by the successful completion of a
15 000 hour lifetest wherein no detrimental effects
due to discharge chamber sputter erosion were ob-
gerved.

The res.-—te of preliminary internal ercsion
studies for the 30 cm thruster (8) indicated that
erosion of the baffle and cathode pole piece can
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be reduced to acceptable levels., However, the com-
pleted 10 000 liferest(3) indicaced thar the ero-
gion of the screen grid may limit chruster lLifetime
to periode shorter tham those required by the pro-
posed missions,

This paper presents the results of a pregram
performed to char cterize and provide golucions te
the sputterinp-deposition problems in a 30 cm diom-
eger thruster. Eresion rotes were evaluated for
various critical erosion sites with a <.riery of
cumponent materials and confipuravions over a range
of thruster oparating conditions. Deposition rates
were measured inside the thruster in order to iden-
tify deposition sites as well as asseus the impact
of deposition on sputtering rates of components that
underge boch deposition and sputtering. A semi-
empirical model for erosion and depos?tion of thrus-
ter components wag made and the results were come
pared to the test results, This effort was part of
the definition of the Eresent 30 cm Engineering
Hodel Thruscer (EMT). {12} Estimaves of prpected
lifetimes of the dischuvgi chambe® components were
made. Although the work presented herein was spe-
cific to the 30 cw thruster it is felt that the ap-
proach used in defining and reducing the adverse ef-
fects of sputrering mna deposition phencmens are
applicable to other plasma systems which may suffer
gimilar life limiting phenomena.

Apparatus and Procedure

Thrusters

Fipure 1 shows a cross section view of a typi-
cal 30 em diameter thruster. Several thrusters,
using different components, were used to expedite
the gtudy., In these studies it pecame apparent that
the geometries, materials, and electrical cperating
parameters all played signififcant roles in the in-
ternel sputtering-spalling problems. Components
which were found to gignificantly influence the
sputtering rate of internal thruster cowmponents were
thruster opties, bafFfle mount, and baffle geometry
and material. These components will be described
hera in detafl in order to allow comparisons of
sputtering rates with various thrusters.

Table I(a) shows o summary of the sputtering
tests, thruster and thruster components used along
with the operating conditions and duration of each
test. Table I(b} describes cach thruster with its
designated serial number. The first thruster used
wag QGQ A ?hich was a modified 400 serdies thrus-—
ter. (12,14) The modifications were a result of
performance studies involving the use of dished fon
optics, a stranger magnetic fileld ard a shortened
batfle mount.(13) The "700" series thruster evolved
from the modffied "400" series thruster with changes
to the thrusver external structure, separation of
the cathode from the isolator-vaporizer aasemblg
and further modification to th baffle mount.(d j
Figure 2 shows the dimensionst variations between
the "400" and "700" geomziry baffle mounts. The
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"B00M series throsters were similur to the "700
paries except for wodifications of the external
thruster gtructuru for mechanical integrity %mggoven
ments, 16} e present Y00 series thrusters 128) ip-
corpovite modiffcacions of the internnl thruster
componente te ominimize sputtering-spalling cffects.
These include cladding the deposieion sites such as
the anode and backplate with grit blasted wire mesh,
cladding the baffle, baffle wounc and cathode pole
piece with tontalum and reverting back te the use

of the modified 400 gerdes baffle mount.

The geometry of the ion necelerating systens
for all of the tests presented herein had screen
grid and aceelerator grid hole dismeter of 0.1% and
0.15 em, respectively, and grid chicknesses of
C.038 and 0.051 cn, respectively, The open area
fraction of the screen grid was 0.67 while that of
the accelerator was 0,43, To ecompensare for bean
divergence the screen grid hole pattern was scaled
down by (.4 percent for all optics except set 32
where it was reduced by (.5 percent.

Table I{e)} liste the baffle and pole plece
materials and geometries for cach test. A single
iren baffie was used Jduring the 10 000 hour Life-
test. A vardety of multilayered baf{le confipurn-
tions were used In tests 2 and 3. Thosc confipuria-
tions weed in test 3 were reperced in reference 8.
Tests 4, 5, 11, and 12 utilized the 900 series baf-
fle geometry, shown in figure 3{a). wherein the
magnetic mild steel baffle is entirely coevered wich
tancalum. This £3 the geometry presently being
tested in the 15 000 hour lifetest of zeference 12,
Algo shoun in figure 3 are the configuratiens fer
the multilayered baffles used in test 2 to separate
the erocsion rates of the imner and outer, upstream
and downstream baffle surfaces and the pelished baf-
fles and masks used to obtain eresion profiles.
Some of the tests alse used removable tantalum pole
piece cladding as shown in figure 4 to permit
veight measurements and hence calculations of aver-
sge erosion rates of inner, outer and dewnstream
surfaces.

Facility

Tz was possible fo operdate one or two thrusters
au iite game time by uwsing the mounting frame devel-
oped for multiple thruster array (MTA) tests as
seen in Figure 5.(175 The frame was mounted in the
3.05 w diameter port of the 7.6 m dlameter by
21.4 w long vacuum facility at LeRC. To proveet
thrusters operating at the other end of the tank a
0.46 w by 1.4 » molybdenum shield was installed in
the tank at sbout 14 m desmstrean of the MTA frame.
The bell jar and main tank pressures duving multiple
thruster operation were in the low to mid 1076 torr
range,

Sputtering Rate Measurements

Sputtering rates were measured by decumenting
the component barore and after each test. Different
techniques were used to document the various com—
ponents and these will be described below,

Screen Grid. Sputtering rates of the screen
grid were obtained by measuring the grid thickness
as @ funetion of radius over three grid diameters
(120% apart) using an electronic micrometer. The
uncertainty of the measurement was approximately
2.5 ym (0.3 mil)., The grid was placed between two

probes during che measurement, One proba had o flat
surface while tvhe other probe was curved to account
for che cervature of the dished grid. in cost cases
the prids were measured bkefore and after each test,
In some instances hovever screen grid thickness date
were avallable only atter the test. Bur messurement
of several ungsed prids 3ndicated o “thinning out"
at the center of the sereen prid, due to the dishing
process, of shour 7.5 um.  This correctlon was ap-
plied to these grids for whieh there was no initdal
thickness medsurement,

Baffle and pole pileci, The bafile sputtering
rates were obtained by two methods., The batfles
wore welighed before and anfrer cach test with an una-
lytical buliance with an uncertainty of 0,001 g.

This method resulted in averapge sputtering rates per
unit arca. To obtudn radial sputcering profiles of
the baffles, iren and tancalem baffles were polish-
ed to a mirror finish and then covered by thin half-
cirele masks made of iron or tantaluw as shown in
figure 3. Afcer a iest a profileometer was used to
measure the sarosion dept’, using the magked arca as

a reference plane, The profilecmeter measurement
had an uncertainty of 1 E5 than ¢.2 pm.

The sputtering reces of the pole plece were ob-
vained by cladding the insgide, outside and edge cof
the pole plece, as shown in figure &, with chin
(1.3 cm wide) vantalum strips, The three pleces
were welghed before and after each test., Thus an
averapge spubtering rate pey wult srea was obtained,

Deposition :ite Mesmsurements

The deposition rates of sputtered material ar-
riving ac surfaces Inside and outside the thruster
from sputtered thruster and facility surfaces were
measured by placing small masked quarez slides at
various lecations. The thickness and compasirion of
the deposited f£ilms were obtained by profilecmeter
and spectregraphic analyses.

Satuyrated Ton Current Measurements

For purposes of modeling the sputtering phenom-
enz it was desirable to determine the total incident
ion flux rates to critical surfaces. Te accomplish
this, the screen grid and baffle were electrically
isolated from cathode common potential., During
thrusrar oper. tion a variable negative bias was ap-~
plied to eac* component and the net lon current to
the component measured. The saturated fom current
was extrapolated to zero bias to obtain an estimate
of the don current expected during normal eperation.

Results and Discussion

For reference a brief descripetion will be given
of the internal erosion and depnsiticn—spallin%
problems observed in the 10 000 hour lifetest, 3
Then, the results of tests conducted at Lewls
Research Center to measure and reduce the sputtering
rates of the interpal thruster components and the
assoclated ceffects of deposition will be presented.
Fipally, models which were used to predict the in-
ternal ernsion rates of the screen grid and baffle
and the resulting deposition rates are presented
and compared to the experimental results.



Hesults of the 10 000 Hour Lifetest

During the 10 000 hour Yifetesc, and during
post—test analysis of the thrister; several prob-
lems caused by lon sputtering became apparent.

Those problems which are discussed in chis paper are
the erotion of three discharge chamber components
and the spalling of chat creded moterial frea the
deposition sites.

Seyeen Crid Frosion

Figure 6 shows the profile of the screen grid,
obtained from reference 5, after the 10 000 hour
1ifetest. The erosion was found te be deepest at
the center of the grid where nearly half of the
0.038 cw thick molybdenum gprid was sputtered away.
Depoaited material was found at the cuter perimeter.
The lifetest thruster (700 series) was opernted at
a discharge veltage of 37 V and an average beam
current of 1.4 A

An escimpte was wade of the expected sereer
grid erosicn for the lifetest thruster design over
a ronge of beam currents reguived by proposed mis—
sions (about 0.5 to 2.0 A). From considerations
discuseed later, the expected screen grid eresion
wag found tu be most severe ag the highest (2.0 A)
beam current and was calculated to be of guch magui-
tude that the screen prid wonld have ercded to half
thickness in only 7300 hours (u260 R/hr). Thia cri-
teria (half-thickness) will be used as a scmewhat
arbicrary definirvdon of a gereen lifetime since no
difficulcies, actributed to che observed screen grid
eroeion, were experienced during the 10 000 hour
lifetest. Screen grid lifetime could be increased
by inereaging screen grid thickness, However, in-
creased sereer grid thickness has been found(13) to
drastically degrade thruster performance.

faffle Erosion

During the lifetest a hole was observed at the
center of the baffle after 5845 hours of eperation.
at an average beam current e¢f 1.64 A, This hole
tepresents an erosion rate of 1250 Afhr. Hefer-—
ence 8 showed that the downstream side baffle cro-
sion rate incieased slightly faster than linearlv
wirh beam current while the upstream side was in-
dependent ¢f beam current. From tests discussed
later, the ratic of downstream to upstream erosien
vates for the liferest geometry was 2.14., Thus a
linear extrapolation of the downstream ercsion rate
to a 2.0 A beam condition (the cxpected operating
peint of an FM thraster) added vo the upstream ero-

don rate predicts a maximum erosion rate of 1430
/hr or lifetime {(wear through) of less than 5100
hours.

Pole Piece Evosion

Post~test examination of the cathode pole
plece showed that the 0.76 nm thick downstream edge
of the pole pilece had eroded te a sharp kaife edge.

Spalling

After about 4500 hours of testlng "Flakes"
were noted on the screen grid of the thruster which
was tested in a vertical dowmward position. These
flakes were formed by the spalling of deposited
material that was sputtered frow the screen grid,
baffle and pole piece. The size of rhe fiake
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vprded but some had lenmgth up to 0.4 em.  Sowe of
the flakes, which fell to the screen grid, cossed
ion defocusing and subseguent accelevator grid ero-
slon, lorge highevoltage trip rates, snd eventually
shorts between the sereen and sccelerator gride.
Other flakes caused a cathede keeper to cathode
cotmean short,

Experimental Resulte of Sputtering Test at LeRC

Dacumentntiun(a) of internsl crosion prior to
the atart of the 10 000 hour liferest led to pre-
dicted lifetimes longer than those experienced
during the 10 000 haur lifetest. Therefore, addi~
tional studies were made in the areas of internal
creslon and {lake formation and the results are
presenced below, In reference 8 @ modified 400"
series thruster with a "200" series baffle mount wae
ueed whereas the thruoter used in the lifetest,
(701), nad several deeign changes including the baf-
fle mount. For the tests presented hereln, thrus-
ters with "700" eeries and "400" series baffle
neunts were uscd,

Screen Grid

Erosion of the screen prids tested in refer-
ence 8 could net be deveeted st the time of that
report. In fact, these screen grids had a net
weight galng due to deposition ag the outer periph-
ery. Upon learning of the extensive scrcen grid
erogion experienced during the lifetest all prids
tested at LeRC that had accunalated long test times
at known operating conditions on thrusters employ-
dng edt” sy baffle mount poeotietry were messurad with
a senslitive electronic micrometer.

The resulte of the thickness measurenents of
screen grids which heve aczumelated many tests hours
under known conditions and tests where grid thick-
negses were oeasuted hefore apd after a run are
shown in Table IT. In many cases the measured ero-
sion was small apd nearly equal ro the uncertainty
of the measurement. Thercvfore the erosion ratesy
presented are maximum or “worst case" values. The
last column of this table gives the expected minipum
lifetime (to erode to half thickness at a 2.0 A beam
curreat) for cach test configuration. Test 1 1s the
10 400 hour lifetest already diseussed and shows
the erosion rates for the center of the grid
(177 R/hr actusl and 260 A/hr for a linear extrapel-
ation to a 2.0 A bean current). Test 2 results are
for a grid used on a thruster similar to the iife
test thruster and operated at a beam cuvwent of 2 A
and a discharge voltage of 37 V. A maxiwum erosion
Tate of 280 R/hr was measured which is in good a-
grecmene with the life test result. The grid sec
used iz the tests of reference B =ud shown as test 3
was tested on tue same thrustocr used for test 2 with
the exception of the carhoede assembly whieh had the
"§00" s-vies geometry baffle mount. The eresien
rate for the center of the grid was only 110 Kbz,
0f the accumulated 1840 hours, &30 hours of opera-
tion were ot reduced discharge voltages of 33 and
35 V, regulting in a lower sputtering rate then
would be expected at a discharge voltage of 37 V.
Therefore, test 4 wag conducted at the nominal con-
ditions of test 3 using the grid of test 2 on thrus-
ter 5024 witl a "400" serdies baffle mount. The re-
sultant screen grid erosion rave was 125 E/hr, about
half that ebtained for tests I and 2 with the "700"
series baffle mount. Thus, these tescs findicated
that the geometry of .“h¢ beffle mount played an im-



portant role in determining the screen grid erosion
rutes. A spuctering model (oo be shows later) pre-
dicks that approximately 70 percent of the screen
grid erosion to be csused by doubly charged fons.
Through the yse of a bean ion charge analyzer, a
higher va'ue of centerline doubly charged lon con—
tent was round to exipt when a thruster wigs oper-
ated with the 700 series baffle mount. These
nessuresente have also indicated that dewble iom
cortent of 3 thruster may viry due to mass uweilisa-
clon efficiency at glven operacing parameters.
Thercfore, in comparing results such as found on
Table IT, the cfficiency should be congidercd in
addition to the electrical parameters of the thrus-—
ter, Since thruster operstion at lover discharge
voltage results in o lower energy with which an ien
striker a2 surface, redeced scereen grid evoslon
shouly oceur, In Test 5 o thruster with a 700
series baffle pount was operated at a discharge
voltage of 33 V. The sputtering rate was reduced by
nearly a factor of three from that messured at 37 V,
Likewise, operation of o thrugter with a 400 servies
baffle mount at 35 V¥ reduced the evesion rate for
that configuratioen by abeut 30 percent,

Figure 7 shows the variation of erosion rvate
g a function of radius for screen prids opernted
with each baffle mount peometry. The screen grid
operated with the 400 serdes baffle mount had o wax-
imem erosion rate nearly three times less than the
other grid. The tetal welght lose rvate for cach
screen prid profile was astimated from fipgure 7 to
be .82 and 1.2 mg/br for the 400 and 700 veries
baffle mounts, respectively.

Thus, screen grid lifetimes of 15 000 howrs or
more way be achieved by using the 400 serics baffle
mount at discharge volteges of 37 V or less or the
700 series baffle mount at discharge voltages of
33 V or less.

Baffle

Table LII presents the results of tests of baf-
fie erosion for the twe types of beffle mounts and
for two baffle waterials. The average erosieon rates
wera obtained from weight loss measurements whereas
the maximum rates were determined by profileometer
measurements. For the 700 series mount teste con-
ducted at a beanm current of 3,0 A and discharge veol-
tape of 37 V, the total maximem crosion rate was
1320 R/hr. Thie rate was nearly equal to the rate
(1430 A/hr) prediccted by extrapelation of the
10 000 hour liferest data to the 2.0 A condition.
The use of tantalum cladding which cover che re-
quired magnetic iron baffle reduced the naximum ero-
sion rate from 1320 R/hr to 324 A/hr. It was ob-
served that with the use of tantalum cladding the
upstream @nd Jdownstream rates were hearly equal,

For iron baffles the maximum downstresm ercsion rate
was always about twice the maximum upstraéam rate at
these operating conditions. Welght measuremencs of
upstream iron baffles consistently showed net gains.
This was due to deposits on the cuter portions of
the baffle. This effect was never observed with
tantalum baffles.

Figure 8 is an electren scanning photomicro-
graph of the outer portiom of the upstresmm side of
an firon baffle used in test 2. ‘The surface exhiblts
cone formations which are similar te those found in
certain sputter-depositden precesees, (19)  Analysis
of this surface indicated the presence of a deposit

of tantalum, mulybdenum and tungsten, Apparently,
these low pputter yield materdsls scted ag "seed"
agd provided conditions for cone formation, The
buildep of cones apparently inhibited the sputtering
of the cuter area of the ivop uypstreun baffle.

Since tontaluwm hes the lovest gputter vield ef the
waterials used in the thruster there wvas a0 "seed"
materies available hence cone foyrmation was nelcher
expected nor ebserved sn the tantalum syrfaces.

Accurate sputter yields for tancaluwm snd iron
at low {on energies are difficult to obtein., Uso
of the valpes gpiven ip the literacure fndicate that
the linear depth erceion totes for tantelum should
be greater thoan for iren at thruster operaring con-
ditions of 37 ¥V discharpe voltapge and beaw current
of 2 A, However, the depth arosion rates for tanta-
lum were found to be about eight times less than
thoge for iren in the thruster tests, The ressen
for this is not entirely clear, but gercury adsorp—
tion by the tantalum baffle surface may sccount for
the difference, 7The erosion rates of both 1iron apnd
tantalum baffles decreased os expected with reduc—
tiens in the discharge voltage.

Downscream tnffles of varlous materials were
tested with a 400 seriee baffle mount in ovder to
compare thelr actual erosion rates in a thruscer
with those expected from the thesretical model and
published sputter vields. Table IV lisve the meag-
uvred erosfon rates snd the caleulzted erosion rates
fur discharuge veltage of 37 V. With the exceprion
of tantalum, all orher materials tested show reason-
able apgreement between measured and calculated ero-—
sion races,

Other observations were made during these baf-
fle tests, One was that when meltiple layered baf-
fles, as shown im figure 3 were used, the thin ex-
posed edge of the iron baffle ereded at relatively
high rates (approximately 1200 thr). Vhen this
edge was covered with tantalum foil the rate was
reduced, as expected, by nearly a factor of peven
but was still high whun sompaved te other baffle
surfaces. Another ohservapion was that the tantalum
upstroan center pl g, shewn in figure 3 used to
gecure the tantalum baffle asgembly to the 700
geries baFfle mount, eroded at rate about two times
faster than that of the dowstream surface and
absut two times faster thin the upstream surface
when the plug was not used,

The ervsion profiles of a tantalum baffle
tested nt the conditions of the present 15 €QQ hour
lifetest is shown in figure s, The profiles show
peaked sputtering rates at thy center of the baffle
egpecially for the upstream side or ono “rffle,
Table IIT shows that the average erosion rate fer
the dowustream baffle surfuce of test 11 to ke
greater than the maximum erosion rate experienced
in test 13. This occurs because testcs 4, 11 and 12
uged the EMT desipn tantalum baffle iy which the
downstream and edge surfaces ave one plece (see
£4g. 3). Thus, the weipght loss meagsurements in-—
clude the edpge losses, which as wentioned earliev
are comparable te the dewnsuream surface weight
lesses. The profile shows opnly the downstream sur-
face.

Thug by using the 400 series baffle mognt wich
tantalum clad baffles and operating at a discharge
voltage of 36 V the erosilon rate feor the central
porction of the baffle was reduced from the high



value of 1430 §/br found in the 10 000 hour 1§£u:est
o abour 81 &/hr (26 B/hr dewmscream plug 55 Afhre
upstream plug) for the present thruster configura-
tion, For the ongoing 15 000 hour lifetest cthe ex-
pected baffle lifetime is grester chan 100 000
hours.

Pole Pleee

Weipght loss measurements of the thin tancalum
bands, shown in figure &4, used to cover the edge of
the ivon piece for tests 7, 8, and 9 were made.

They indicated erosion rates of about 110, 90, and
30 A/br ef the downstream edge, inner sucface and
cuter surface of the pele plece, respectively,
Measuremencs using the 400 series baffle mount were
gomevhat lower but did not exhibit the large differ-
pncer found at the buffle. These ercslen rates in-
dicate. that s nominal amount of tan..l.. ¢ladding
will prevent erosion of the iren peole plece and
reduce che linear depth erosiem rates.

Spalling

Table V showe the sputtering rates of the baf=-
fle, the pole plece for tests 15 and 16, The meas-
ured deposition rates are presented in Table VI at
various thruster lecations for the same tests. Tn
order that these results may be compared to thosc
expected in flight applications, on estimate was
made ¢f the contribution of the waterisls origi-
nating from sutside the thruster and this estimate
wags cubtracted from the depesition measurements.
The estimate of depesition due to facility back-
sputtered materisl was cbtained by measurement of
the concentrations of metals such as cepper, chro-
wium and nickel which were net present in the
thruster. These concentraticns alse nllowed
cetimate of the facility deposited iron flux
use of the known irem ratio in 304 stainless
the facility walls (18 to 20 % Cr, 8 te 12 % Ni,

2 % Mn, 65 to 71 % Fe). If non-preferential sput-
tering of the stainless sceel tank walls takes
placn, the same ratios of these metals should be
present inside the thruster. If preferential sput-
tering occurs as observed in reference 20 the iren
contribution way be twice the amount of the nonpraef-
ertial case since the sputtering yield of irom at

1 kev Hg ions at glﬂncin% angles 1s 2.3 tines
greater than that of Ni, (21, 2)  Analysis of depos-
its on quartz slides placed cutside the thruster
indicated that the tank walls are sputtered nearly
nonprefentially and thap part of the molybdenum
found inside the thruster originates from the melyb-
denum shields which separates thrusters at epposite
ends of the facility. The deposition estimates due
to the facility appear in Table VI. With the excep-
tion of the role plece region, 40 to 75 porcent of
the internal deposits crginare £rom outside the
thruster. It is also apparent that for test 15,
operated at a discharge voltage of 37 V, the ratio
of thruster to tank material deposivion is larger
than test 16, 33 V, as expected. The last column
of Table VI gives the expected internally generated
deposition rates for a thruster operating in space
at a beam currents of 1.5 and 2.0 A and discharge
voltages of 37 and 33 V for tests 15 and 16 respec-
tively. With erosion rates reduced from those ex-
perienced in the 10 000 hour lifetest, the deposi-
tion rates should also be lower. In addition, the
use of grit-blasted wire mesh, at depositien sites,
provides a surface to whieh the depesited materlal
can readlly adhere to. Deposited layers of 30 ym
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have beep found po adhere, witheut spalling, to wire
mesh surfaces.

Thrusters 406C, 8024, and 804 were all equipped
with sereen mesh at cthe deposition sites to prevent
large flakee from spalling from thoee sites. Those
thrusters have accumylated more than 1700, 3420, and
2700 hours, respectively, with no evidence of flake
formation.

Thesretical Medels

1t is apparent chat thruster components may
underpo sputtering and depoeition at the same time
dependigg en thelr location and eletrieal poten—
tiol; (€} Since the measurepents presented in this
report represent the net flux lost ov gained av each
gurfuce it is important to be able to determine the
wagnitude of each effect in order to have s complete
understanding of the sputtering-deposition phesonena
in a thruster. Firet o diecussion of the sputtering
will be presented and then estimates of the deposi-
tion flux arriving from major sputtering sources
will be made. These estimates will be mode Cor £lux
arciving from the thruster as well as from the fa-
c¢ility outside the thruster.

Sputtering

Spurtering 1s an extremely cowplicated phenom—
ena, and no comprehensive sputtering theory hay been
developed as ver for all ion energy Fanges, ©~

The depth erosiom rat  of a surfaco may be cal-
culated from the follewiny equation:

13

€, = 37984 > 1;"' S %o
kel
vhere
EE eresion rate, Xiur
3738  units convergion constant
A atomlec weipht of the target material, AMU
p dansity of target material, g/m3
k charge of inpinging ion
i ion current densicy of each charged stace,
mAfem?
5 sputter yleld of the incident don, atoms/ion

Use of this equatdesn to calculate sputter ercsion
rates of internal thruster components requires
knowledge of the local fon density and energy for
ezch ifon charged state. Also, the assumptien ig
made that, for low values of plasma potential, the
sputter yield of a multiply charged ion at a given
energy 16 equal to the yleld of a singly charged ion
at an energy egual to the product of the number of
charges and the given energy. Sputter ylelds of
reference 24 are used for these caleulatione and
are found in Tabie VII. Additional assumptions
have to be made about conditions inside the thrus-
ter. The first is that the pressure inside the
thruster 1s too low for back diffusion of sputtered
meterial to be significant. Nexr, the sputtered
surfaces arc assumed clean of adsorbed or condensed
material. ‘This second assumption may be question—
gble and probably depends on the thruster component



location and tempersture. Mehner(Z5) hae found thac
temperatures sbove J00% € are requirved to Reep mer-
eury from condensing or adhering on o surface and
interfering with the sputtering of that surface.
Screen prid center temperaturcs have been measured
to be 3259 c,(zﬁghauuver. menpured outer edge scteen
temperatures of 200° € would indicmte thut sputter-
Ing of the gercen grid in those aress pay be re-
duced. It 15 olse assumed that the angle of inci-
dunce of the don fg not o factor 1n the thruster
since the angle of incidence on spubtering giulda
does not begin upcil spproximately 200 ev, { 7 an
goergy well shove those of the lopinging fon £lux
lnside g thruscer.

Sereen Ordd

Equatien 1 may be ysed to calcualte the ex-
peeted maximum center or totsl screen grid eroslon
rotes as thruster operating conditions arve waried,
To do this for the screen grid center with a thrus-
ter using a 700 series baffle mount, the parameter
values requirved for eq. (1) were obrained as feli-
lowg, Beanm lfon current density profiles such as
these shows in Eigure 10 were obtained for thruster
804(18) for singly and doubly cherged fone. (For
the ion energle: ssed herein, the sputter erosion
due to triply charged ions can be neglected, Ae—
curpre measurcments are not avallable, but are es-
timated to account for about 5 to 7% of tha total
sputtering.) TIhe values of density obtained from
the beam probe are ssdumed to be proportiomel te
the ion densities ot cthe screen grid., The constant
of preportionaliecy is the transmission coefficient
of the grid s2t. The physical open area of the
screen grid s 0.67, The tetal don current te the
sereen grid of a thruster operatimg at a heam cur-
rept of 2.0 A was measured to be about 0.7 A when
either baffle mount geopetry was used. This glves
an effeccive ion transmission cocfificient of Q.74.
“hus, the values of fon current density measured in
the center of the beam were divided by 0.74 to cal-
culate the lon current density arriving ac the cen-
ter of the scresn grid., (The ion current densicy
can alse be calculated frem plasma properties in-
side the discharge chamber as seasured by probes.
This will be discussed later.}

The energy of the lons at the screen grid was
aggumed to be commensurate with the local plasma
potential, Plasma petentials at the sereen grid
were measured in a chruster, similar to thruster
B4, operating at a discharge voltage of 37 ¥, (18)
The plasma potential at the center of the grid was
33.9 V or about 3 V less than the discharpe voltage.
Off axis the wmeasured plasma potentials near the
gereen prid decressed to 33 V at half-radius and
23 ¥ near the anode. Thus, the energy of the ions
used to determine sputter ylelds at the center of
the sereen grid of & thruster using a 700 serices
baffle mount was 2 V less than the anede voltape.
Probe measurements of the 400 serles thruster ware
not available. For this thruster the centeriine
ion dansity was nearly equal to the dlen cuyrent
density at half radius of the thruscer with the 700
series baffle mount. Therefore, the plasma poten—
tfal at thke Bcreen grid of the thruster with the
408 peries baffle mount was assuwed to be 4 V less
thau the anode voltage.

The calculated and measured eresicn rates for
the sereen grid ceaterline are plocted in figure 11
ag a functlon of anode voltage for thrusters oper—
ated wich hoth baffle mount geometries. TIn both

cases, culculated and messured, the erosion rates of
tha serecen geld center are lower when the 400 series
baffle mount is used. The reason for this can cas-
ily be sueen by comparipg fipures 10{a) and (b)), The
current density profiles are nurkedly pesked for
thruster 804 with the 700 seriee geometry baffle
mount wien eonpared te the profiles for thruster 901
with the 400 seriey geosetry beffle mount, The
tetal dowble te single lon current density rutie, at
a plven discharge voltage, for the two thruster
geometrics are nearly equal but the centerline
double to single fon current density ratis 4= about
30 percent lover for thruster 901,

The differences between caleularved apd measeved
valuee for each geometry ave probably due to the
apsumptlons vequired to make the caleularion andfor
sereen yrid messuvrement errors.

Frnouwledge of the total single and double fon
current to the screen grid sllows o cslculation of
the total grid crosien rate to be made. The weight
loss rate was galculoted for thruster, uting both
the 400 and 700 series bvaffle mounts, by using a
sereen grid meagured saturacted in currents of 0,64
and 0.74 A, respoerively, Also ugew <ere the total
double-to-total fon current ratdl s of 0.11 and 0.14
te obrain moss loss rates of .78 and 1,13 mpfhr,
Thege rotes cowparce within 10% of those valuee cal-
culated esriier from the eromion profiles of fip-
ure .

The total current to the sereen grid used in
the caleulating may be obtained several ways. As
already mentioned, it may be obtained by measuring
the saturated ion current to an isolated screen
grid, snd 1t may be obtained frow beam fown densicy
profiles taken near the thruster and corrected for
an effective open area of the escreen grid, A third
methed is avallable to obtain the vcotsl sereen grig
current, This is a calculation that ie mede by
using the Lanpmuir probe measurements of electron
densicy and tempersture. The total current to the
sereen grid may be calceulated by the fellowing cgu-
ation where the Bohmw criteria is ugsed tc calceulate
the ion velocicy:

2
14 -
-14 i !
is = 1,31x10 ne +/Te 12 (2}
1+ —=

where

i, sereen grid ion current density, A/cm2
e Maxwellian electyen demsity, ew3

Te electron temperature, cV

iy
?; double to single fon currenc density ratie

The Langmuir probe measurements of reference 18 for
a thruster using a 700 series buffle mount and op—
erating at a beam curreataf 2.0 A and a discharge
voltage of 37 V were used to calculate a8 screen prid
lon current of 0.52 A, Values of the double-to-
gingle ion density ratios were alse obtained #5 be-
fore from reference 28 for the same thruster. The
caicuated screen current of 0.52 4 from probe meas-—



ueements is lower than 0.7 A obtaln.d from the sat-
urated ion currant measurement to the screen and
obtained from probe ion density prefiles taken near
the thruster and corrected for the appropriate ef=-
feetive open ares of the serveen prid. It s felt
that the two letter methods are more accurabe.

Figure 12 predices screen prid Yiferime as a
function of besm current for sceveral valuey of dig-
charge voltage, Lifetime predictions were made by
using eq. (1) and assuming & linear variation of the
double~to=-single fon ratie with discharge volrtage
and beam current ag ghown in reference 28. A life-
time of nearly 16 000 hours is predicted for the
screen grid of a thruster using & 400 serles baffle
mount, operating 4t g beswe current of 2.0 A, and
wvith a discharge voltage of 36 V. These are the
condicions of the 15 000 hour liferegt. A linear
iaterpolation of the experivental minimum lifetimes
presented in Table IT for this peometry predicts
abeut 19 Q00 hours.

Baffle

Calculations, eimilar to those made for the
pereen grid, may be mwade to obtain eresion rates for
the downetream side of che baffle. Using the
results of reference B, where the sacurated fon cur—
rent to the downstream side of the baffle was meas—
ured to be 0.14 A and an average centerline double-
to-zingle don current denelty ratde value of 0045,
yields an average sputtering roge of 230 E/hr foer
the iron baffle on a 400 series geometry nount.

(Ton encrpgies were assumed thie time te be equal to
the discharge veltage since no probe medsurementcs
were avallable for this geometry,) This compares

to 260 A/hr rate obtained from welpght loss measurc—
ments for the same configuration, The savurated ion
current was not meatured when the 700 series bhaffle
mount was used. It was calculated, from aq. (2) and
the values of plesme properties of refercpnce 1%, to
be only 0.09 A. Silnge the measured meximum eresion
rate of the downstream side of the bhuffle uging the
700 series geocwetry baffle mount was about three
times as preat os that obtained when the 400 series
mount wos used 1t must be cencluded that che caleu-
lated ion current density 1s oot correct. It is
also possible that the double to single iom current
ratio measured cutside the thruster is not valid at
the baffle even though reasonable agreementc was
found using this assusption for the 400 series baf-
fle calculatien.

Spalling

Te accurately predict the deposition rate on
thruster components is very diffieult. To illue-
trate the point, cne may follow an imaginary atom
sputtered from the downetreawn side of the taffle;
it way Impact with the screen grid, where its resi-
dence time i very short since it will be sputtered
away again by an impilpging ion. It may retrace its
path back to the baffle and repeat its jeurney to
the sereen again before it finally finds ics fimal
deppsicion site on some other cempenent. Our aim
is not to try to trace the path of cne atcw but
rather in general to find out if tac flux of parvi-
¢les from one source affeect the sputtering rate of
another compenent.

A cosine distribution ¢f the sputtered material

will be assumed. Distribution patterns may deviate
from the cosine disvriburion 1f the for enerples are
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c:‘thm;eci(m\j but for our purpose the cosing distribu-
tron approximation will suffice. Other effects wuch
as the mulpiple sputtering already mentioned and
diffusion and ionlzation of the sputtercd materfal
will be nepglected.

The deposition rate from a small surface seurce
te a plane is found to be

S %
bﬁ(hz + 62)2

5 @)

vhere
o
W mabs loms rate from the sputtered surface (p/hr)

thicknese deposition rote {emfhr)

b distance from the sputtering source te the
center of the deposition plane (em)

¢ density of materisl gfemd

radial discance from a point on the plane to the
center of the plune

This equation may be used to estimate the deposition
rate frow the baffle o the sereen prid or to the
anode by properly choosing the rudiel and gxial dis-
tancesd,

The deposition rate from a thin ring source to
1 plene parallel to ic may be determined frowm ref-
erence 20,

. b, wtn? + 6%+ KW’
| -

prtnd 4+ 18 & o + 2 5 02
i
¥ ) 342
B2 v 82 4+ 5% = 2 4 K) 4)

vhere R 1is the radius of the ring.
reduces to eq. (J3) 4f § = 0

This equation

Equation 4 may be used to caleulate the deposi-
tien rate from the edpge of the pole plece to the
screen grid or to the apode by again properly choos-—
ing the radial and axial distances. A deposition
rate of 1.9 B/hr of iron was calewlated for material
frow the pole pilece to the upstream end of the anode
for vest 15. The analytically measured deposition
rvite of iron at the upsgtream snode location is
3.6 Afhr of which 3.1 &/hr was estimated to origi-
nate from thruster components. Heowever, sluce no
welght loss measurement wis made on the pole plece,
the calculated ~mede depssition rate was expected to
be somewhat lower thanm the measured rate.

The caleulated deposition rate at the dowmstresn
anode locatien of the Ta from che pole plece and
baffle yields a value of 0,18 R/he by using eqa. (2}
apnd (3}, The measured rate analytically at the cor-
responding iecation was Found to be 0.16 X/hr,

These saleulations have shown that the equation
can predict with some degree of accuracy the depogi-
tion rates criginating froem the baffle. Therefore
we gan use the same equstions o predict the flux
of material to the screcn grid where flux measure-
ments are very difficult. If an iron baffle were



uted and the thruster operated at normal cperating
condicions ¢ flux of 24 Afhr is estimated to be ar-
riving ac the center of the sereen grid, This rate
is about 1/10 of the spuccering rate of the sereen
prid when the "700 series” batfle mount was used,
Algo, since the sputtering ylelds of iron ave higher
than For tuontalum, %t is concluded thar the arrivimg
flux from the cathode reglon does not appreciably
affect the sputtering rate of the sereen grid. Sim=
ilarly one may show that the atesm flux rate arrdving
at the baffle from the scereen grid dous not appre—
einbly affect the sputtering rates of the baffle and
the pole picce.

Deposicion rates 2 viving at the cathede back-
plate are pare diffieult to calculate since the
sputtering sources do not approsch the simple geo-
metric sources sssumed before., A very rough esti-
mate muy be made by assuming that the spuctered ma-
terial on the upstream side deposits uniformly a-
cross the entire cathode backplace. This toeal
sputtered material at nominal thruster operating
conditions on the upstream side wap estinmated to be
abeut 1,9%x10°% g/hr (upstreum side of che baffle,
5.2x10"° gltr, pole plece 1.7/2x10°% g/he, baffle
edge {4,9/2)x1079 g/hrey, The deposition rate caleu-
lated from these values is 25 R/hr. This rate is
sbout 5 times greater than the depesicion rates
measured with the quartz slides at the sawe loca=
tion.

Gonelusions

A study was conducted to eliminate or reduce
the effects of internal ercelon in 30-¢n mercury
bombardmwent ion thrusters, The lopsct of waterial,
geonetric and cperational wvariations was investi-
gated. The erosion raves of the baffle and screen
prid experienced in the 16 000 hour lifecest were
reduced by factors ¢f about 16 and 2,6, respective—
1y, by the thruster geometry and operoting condi-
tions of the cutrent 15 CC0 hour lifetest. For the
thruster used in the lagter test, the sputtered sur-
faces were covered with tantalum, the baffle mount
design was chonged and the discharge voltage wae
reduced. To solve the epalling problem (Found cn
the 10 000 hour lifetese) deposition sites have been
covered with bead blasted reughened surfaces or
seraen mesh.

Expirical wodels were gemerated to predict
sputtering erosion and depesition ratec, The caleu-
lated rates of these models agreed reasonably well
with experimental rogults. The model allows esti-
mates to be wade of internal depositicn rates ex—
pected in space where the effects of facillty back-
sputtered waterial are nor present.

The results presented hereln huve identififed
solutions te the problems of Internal erosion ex-—
perienced in the 10 000 hour Ildfetest. These solu-
tions extend the expected lifetime of tche present
Engineering Model Thruster to nearly 20 000 hours.
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TABLE I(b). - THRUSTER DESCRIPTION

T/S Description

406A | "400" series thruster with dished grids, stronger magnetic field and
shortened baffle mount. References 13 and 14

701 | "700" series EMT. References 5 and 15.

406B | Thruster 406A modified to be equivalent to "700" series EMT

300A | Modified 300 series thruster, like 406A with exception of electromagnets
406C | 406B with modifications for internal erosion; liice 800 series EMT

802A | "800" series EMT, reference 16 with Ta at erosion sites and screen mesh at
deposition sites; like '"900" EMT. Reference 12.

804 | "800" series modified to be like '"900" EMT

TABLE I(c). - BAFFLE AND POLE PIECE GEOMETRY

Test Baffle Baffle material Pole piece
configuration Ta cladding
Downstream Upstream Ta edge
Outer | Inner
1 Single Fe Fe Fe —— | ————
2 Various Variougs | —====|====—| —— ———
3 Various Various | —-—=-=| =-=-——- ———— ——
1112 "900 EMT" Ta Ta Ta —— Yes
5 "800 EMT" Ta Ta Ta ———— Yes
6 Multilayered Ta Ta Ta Yes Yes
7 Polished and masks Ta Ta/Ta | Ta/Ta | ===== Yes
8 Multilayered Ta Ta Ta ————— Yes
9 Polished and masks Ta/Ta Ta Ta | ===-- Yes
10 Polished and masks Fe/Ta Fe/T~ | Fe/Ta | --—=—-= | —=———-
13 Polished and masks Ta/Ta Ta Ta Yes | ————-
14 Polished and masks re/Fe Ta/Ta | Ta/Ta | ----- Yes
15 Polished and masks Fe/Ta Fe/Ta | Fe/Ta | --=--—- | ===
16 Multilayered Ta Fe Ta | ===—- ————
-




TABLE II. - SCREEN GRID SPUTTERING MEASUREMENTS OF VARIOUS THRUSTER CONFISURATIONS

Screen center | Estimated
ni:::r oLfenf:sht JESFAEing conditions sputtering rate | grid life
tr) |avi ) | Jg &) | n @) |ev/ion (A/hr) e
1 10 000 37.0 1.4 | =———- 177 11 200
avg.
2.0 260 7 300
: extrap. Extrap. to 2 A

2 2 06¢ , 37.0 2.0 | ==—— 185 280 6 800
3 1 840 370 2.0 ——— 185 110 17 300
b 605 37.0 2.0 94 -—- 125 15 240
5 574 33,0 2.0 91 185 100 19 000
6 976 35.0 2.0 92 - 80 23 800
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TABLE IV. - COMPARISON OF MEASURED AND CALCU-

LATED SPUTTERING RATES OF VARIOUS BAFFLE CLADDING

MATERIALS USING THE 400 SERIES BAFFLE MOUNT AT

A BEAM CURRENT OF 2.0 A, DISCHARGE VOLTAGE OF

37 V, DOUBLE-TO-SInCLE ION CURRENT RATIO OF 0,45

AND TOTAL DOWNSTREAM IO! ZURRENT TO BAFFLE OF 0,14 A.

Baffle material Measured Calculated
sputtering rate gputtering rate

(&/hr) (& /hr)
Mo 294 210
Fe 256 250
C 311 250
Cu 1180 1750
Ta 30 530

TABLE V. - EROSION RATES OF THRUSTER COMPONENTS

FOR TESTS 15 AND 16

Component Erosion rate (g/hr)

Run #15 Run #16

Ta baffle cladding upstream 5.6x10™3 6.2x107°
Ta baffle cladding downstream 7.0 6.2
Iron baffle edge 45.3 6.4
Ta pole piece outer cladding ——r— - 2.0
Ta pole piece inner cladding ———————— 8.9
Ta pole piece edge cladding | =--==-—-—- 1.2
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TABLE VII. - SPUTTER YIELDS OF VARIOUS

MATERIALS USED IN THRUSTER

SPUTTERING STUDIES

(REF. 24)

Material Ieu energy, Sputter yield
(V) (atoms/ion)
Mo 33 2.1x10™4
66 2955
Fe 33 < ]
66 44
C 33
66 442
Cu 33 26
66 330
Ta 33 2 L
66 63
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Figure 1, - Cross sectional view of a modified "'400 series"

30 cm wameter thruster.
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Figure 4. - Cross section view of pole piece cladding.
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Figure 5. - Two 30-cm Hg ion thrusters mounted on multiple thruster
array frame,
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CALCULATED SCREEN GRID LIFETIME, 10~ HOURS

DISCHARGE
VOLTAGE
33

l

1 L5 2 25

BEAM CURRENT, AMPERES

Figure 12. - Calculated screen grid life times as a func-
tion of beam current and discharge voltage.
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