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Dawn, a mission to rendezvous with the main-belt asteroids Vesta and Ceres, isthe first
NASA science mission to use ion propulsion. The Dawn ion propulsion system is used to
provide all post-launch AV. The ion propulsion system, which includes three 30-cm ion
thrusters operated one at a time, isrequired to be single fault tolerant. The loss of a single
thruster at the beginning of the mission requires that the mission be successfully completed
with the remaining two thrusters. This paper assesses the mission risk due to wear-out
failures of these remaining two thrusters. Extensive long-duration testing suggeststhat all of
the important wear-out failure modes are known for the Dawn ion thrusters. The life-
limiting failure mode is known to be electron-backstreaming due to erosion by charge-
exchange ions. Since this failure mode that cannot be easily mitigated for Dawn,
under standing its behavior is essential for assessing its impact on mission risk. Detailed
analyses, both deterministic and praobabilistic, are presented which show that this wear -out
failure mode should not pose a significant risk to the success of the mission. The probability
of a wear-out failure due to accelerator grid erosion is less than 1% for the worst-case
mission use of theion thrusters,

Nomenclature

d, = accelerator grid hole diameter
dy = beamlet diameter

ds = screen grid hole diameter

e = electron charge

Jo = beamlet current

Je = backstreaming electron current
le = effective acceleration length
g = grid separation length

me = electron mass

m = jon mass

ta = accelerator grid thickness

ts = screen grid thickness

Te = electron temperature

V, = accelerator grid voltage

Vip = beam plasma potential

Ve = saddle-point voltage

£ = permittivity of free space
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I. Introduction

Dawn is the ninth project in NASA’s Discovery Progra The Dawn spacecraft is being developed to erthiel
scientific investigation of the two heaviest magittasteroids, (4) Vesta and (1) Ceres [1]. Toagdish this
investigation the spacecraft will rendezvous witld go into orbit about each of these asteroidswrDaill be the
first mission to orbit two different extraterresiriand nonsolar) bodies, and the first to orlbmain-belt asteroid.
The mission is enabled by Dawn’s ion propulsiortesyswhich provides all of the post-launsaV including the
heliocentric transfer to Vesta, orbit capture asfde transfer between Vesta science orbits, depasind escape
from Vesta, heliocentric transfer to Ceres, orbjttare at Ceres, and transfer between Ceres scepite The ion
propulsion system provides a total of over 11 km/s to the Dawn spacecraft which &raitial wet mass of 1219
kg including 425 kg of xenon.

The Dawn ion propulsion system includes three rB0déameter xenon ion thrusters and two Power Psates
Units (PPUs) of the type developed by the NSTARjdtd?2] and flight-tested on NASA’s Deep SpaceDiS1)
mission [3-5]. The IPS also includes two Digitalr@rol & Interface Units (DCIUs), a xenon feed &yst(XFS),
and three 2-axis thruster-gimbal assemblies (TGAshe for each ion thruster. A new light-weighhae tank
design developed specifically for Dawn is use twesd25 kg of xenon. In addition to the xenon tahke xenon
feed system includes two plenum tanks identicghétse flown on DS1, a xenon control assembly (X@rst uses
the same propellant flow rate control technologgndestrated on DS1, a high-pressure subassemblysthiates
the xenon tank from the rest of the feed systemg service valves, all the interconnecting tubarg] nine flexible
propellant lines (three for each thruster to gmssithe gimbal interface). The two PPUs are cstrapped to the
three ion thrusters in such a way that PPU-A caeraip either Flight Thruster-1 (FT1) or Flight Tster-3 (FT3),
and PPU-B can operate either Flight Thruster-2 JFoFZlight Thruster-3 (FT3) as indicated in Fig. The high-
voltage harnesses are indicated by the red lintgdriigure. Since FT3 can be operated by ei#faU it is referred
to as the “shared” thruster. Each PPU includeark lof high-voltage relays that switch the powegspdy outputs
between the two thrusters. Each PPU is contrdiied dedicated DCIU, i.e., DCIU-A controls PPU-Alyrand
DCIU-B controls PPU-B only. Each DCIU, howeverna@ntrol all the valves in the xenon feed systewh all of
the actuators in the three TGAs. The Dawn IPSaipsronly one ion thruster at a time.

The IPS for Dawn is required to be single-fauletaht. To meet this requirement the IPS must palda of
performing the entire mission even if one thruseinoperable for any reason right from the st&uthe mission.
This situation represents the worst-case missienfarsthe thrusters in which the entire missiopesformed with
just the two remaining thrusters. This paper agkire the probability of a thruster wear-out failiarethis worst-
case thruster usage.

A. Trajectory and Mission Requirements

This analysis assumes a representative trajeatortpé Dawn mission based on a 425-kg xenon 104@,18-kg
spacecratft initial wet mass, and a Mars gravitysasShe solar array output power as a functiomifsion time is
given in Fig. 2. Also shown in this figure is tRRU input power over the mission. For roughlyfttet 1070 days
of the mission the solar array provides more potivan can be processed by the IPS. Over this tadRS is
operated at its full power point. After approxieigt1070 days the solar array cannot provide gafficpower to
operate the IPS at full power. To accommodaterdidection in solar array power the IPS is operaiereduced
thrust and power levels. Each ion thruster caoferated over a range of input powers from 481 \¥3b3 W.
Sixteen separate combinations of propellant flotesare used to enable thruster operation ovelpthier range.
These sixteen flow rate settings are called “Thrdtevels” (TH) and range from THO for the lowestyer level up
to TH15 for the highest power. Each throttle leiethen subdivided into seven power levels to jg@\iner
control of the power used by the IPS. This results total of 112 unique power levels called nusslevels
(abbreviated ML) with an average increment of 16o®¥veen levels. All 112 mission levels and thetli®ttle
levels are shown in Fig. 3.

Combining the definition of the throttle levelsrind=ig. 3 with the PPU input power variation frongF2 results
in the variation of throttle level with mission t&nas shown in Fig. 4. The xenon processed asctidarof mission
time is given in Fig. 5. This figure indicates tilthe IPS must process approximately 270 kg of rRetmoget to
Vesta and 395 kg to complete the mission (assumémginal flow rates). If two thrusters are used tfog entire
mission, and if it is assumed that the propellandughput is shared equally between these two ténsjghen each
thruster must process 135 kg to get the Dawn spaftdo Vesta and 198 kg through the end of thee€erbital
operations.
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By comparison, the Extended Life Test (ELT) of h81 flight-spare ion thruster demonstrated a pfapel
throughput capability of 235 kg before the test waspended [6]. During the ELT the thruster reddlseend of
life at full power (TH15) after processing 211 kigxenon, but was still fully functional at all thtle levels from
THO through TH12 after processing 235 kg. Thrdeheels TH13 and TH14 were not tested at any tioménd the
ELT so it is unknown if the thruster would have i@ged successfully at these throttle levels ateti of the test.
A comparison of the xenon processed at each tarettkl tested during the ELT with that required theuster for
Dawn under the assumption of the worst-case thrusigge is given in Fig. 6 assuming the two Dawnsters
share the propellant throughput equally at evergttle level. A summary of the ELT test segmerstgiven in
Table 1 [6]. The ELT thruster processed 145 kgafon at TH15. Each Dawn thruster must proceskgoat
TH15 under the worst-case mission usage.

Il. ServicelLifeValidation

To successfully evaluate the risk of wear-out fauall of the important failure modes must be kmowvVear-
out failure modes are typically identified by tesfi Fortunately, there is an extensive body eftést experience
for ion thruster dating back almost 50 years. A/ey of the life-test literature as of 1996 is suanized in Ref. [7].
At that time, based on this literature survey thgnificant wear-out failure modes for the NSTAR itmuster,
(which was then under development) were identihied are listed in Table 2. Since 1996 ion thrgstérthe
NSTAR design have successfully completed two loagibn life tests: an 8,200-hr test [8], and a33@;hr test
[6]. In addition, an NSTAR thruster was operateddver 16,000 hours in space on DS1 [5]. Basethiznadded
extensive test and flight experience the list ghiicant failure modes was modified as shown ia tlght most
column in Table 2.

Table 2 indicates that the first seven significaatir-out failure modes identified in 1996 ard siitluded in the
2007 list, and that four new items have been addBds would seem to suggest that the 1996 lissedisfour
significant failure modes. The actual situatiomdd quite that bleak for the following reasonsem #8, “arcing
through the low-voltage propellant isolator,” ist r@tually a damage-accumulation failure mode.luFes by this
mode could occur at any time. The Dawn ion thrusésign has removed the low-voltage propellariaispand its
functionality has been replaced by the high-voltagepellant isolators. Item #9, “neutralizer clogy at low
power,” was a known failure mode, but as of 1998asn't believed to be significant to the NSTARutster design.
An operational change for the Dawn thrusters basethe data from the DS1 Hyper-Extended Misisonvak
made to mitigate this failure mode. Similarly,nite#11, “excessive performance degradation or cathguwition
failure due to insert depletion,” was also a kndiailure mode. However, in 1996 this failure modaswnot
believed to be significant to the NSTAR thrustesige and the thruster life testing performed sititoen has
confirmed this. Nevertheless, it was added to2@?7 list in order to make sure sufficient attemtie paid to this
failure mode to prevent it from becoming signifitan

Finally, item #10, “cathode ignition failure duzteater erosion,” is the most interesting. Fagdusy this mode
are caused by discharge plasma ions eroding therttbat surrounds the discharge cathode to the pdiere it is
no longer functional. In 1996 this was also a kndailure mode. The discharge keeper electrodherNSTAR
thruster design was included specifically to protbe discharge cathode and heater from erosiaonnsy/from the
discharge chamber plasma. In the 8,200-hr testhamivas performed entirely at the thruster’s futwer level
(TH15), erosion of the keeper electrode was obskervd most 36% of the keeper thickness was erafiethg the
8,200-hr test. Extrapolation of this erosion sisjee that the thruster could be operated for m@e 22,000 hours
at full power before the keeper would be erodedyaw®nce the keeper is eroded away, then ions fitoen
discharge chamber plasma will start eroding thkazi orifice plate and heater ultimately leadinghteir failure.
Furthermore, it was believed that operation atgoliver is the most stressful condition for the sbeu from a wear-
out failure perspective and that operation at lop@wver levels would result in lower component espgiates. In
reality, however, after approximately 10,500 hit®ithe ELT the discharge keeper was sufficientbded that the
discharge cathode heater was fully exposed toifoharge chamber plasma. Of this 10,500 hours42§0 hours
had been at full power [6]. The key message hethat significant extrapolation from even relagvieng tests
must be done very carefully. For the Dawn thrisstee discharge chamber keeper material was changad
molybdenum to the more erosion resistant tantalusidw down the keeper erosion. A healthy keepestrode
will protect the cathode and heater from the disgphaons and mitigate failure modes #6 and #10ahld 2.

The extended life test of the NSTAR thruster desigd no incidents of rogue-hole formation and ncearable
grid shorts (failure modes #1 and #2 in Table B).addition, it showed that structural failure dther grid, the
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screen grid or the accelerator grid, was far fr@imdp the life-limiting wear-out failure mode (faikimodes #3 and
#7 in Table 2). Independent cathode heater thsised that thermally cycling the NSTAR cathode Besaffailure
mode #5 in Table 2) is not a significant failuredador the number of heater cycles typically regdifor a deep-
space mission such as Dawn.

This leaves only electron-backstreaming (failuedm#4 in Table 2). The remainder of this papérdeial with
the implications of this wear-out failure mode.

I11.  Electron-Backstreaming

Electron-backstreaming (EBS) is now known to beltfeelimiting wear-out failure mode for operati@f the
Dawn ion thrusters at full power. Interestinglyoagh it was not apparent until 25,700 hours in®ELT what the
life-limiting wear-out failure mode was for the NAR thruster design. In the ELT after the thrudtiad been
operated for 25,700 hours and had processed 21t kenon over the throttle profile given in Tablét vas not
possible to prevent EBS at TH15 using the maximusgmitude of the accelerator grid voltage that caprovided
by the PPU. However, the thruster was still féligctional at all throttle levels less than or dgoalH12 from this
point through the end of the test. There are mpk mitigation approaches that can be used foDignen ion
thrusters which would not have a major impact oa tifruster heritage or the in-flight usage of theusters.
Therefore, it is critical that this failure mode Wwell understood in order to assess its impacthenprobability of
success for the Dawn mission under the assumptiaorst-case mission use.

In the analyses that follow, a model of EBS is prtéed and compared against the EBS data from tfie Ehis
model is then put in to a probabilistic framewonkarder to capture the fact that the values of mantyhe input
parameters to the model cannot be specified exacllye probability of wear-out failures due to EBSthen
calculated assuming thruster operation over theeseptative trajectory discussed above.

The variation in EBS voltage was measured througtt® ELT [6]. These data are reproduced hereédn &
where the magnitude of the accelerator grid vol@gehich electron-backstreaming occurs is plo&te function
of run time in the ELT. The vertical dashed liresthis figure indicate the times when the throtdgel was
changed. Several things are evident from thesa. d&irst, there is a general trend toward greaddmes (in
magnitude) of accelerator grid voltage at whichctetsn-backstreaming occurs. This is due to erosibithe
accelerator grid apertures by charge-exchange i@econd, large scale jumps in EBS voltage occuznwihe
throttle level is changed. Finally, when the [&kt15 test segment (which took place from run hoiy3@6 to
25,706) is compared to the earlier two TH15 tegtrsmts, it is clear that the slope of the increadeBS voltage
with run time has increased. Any model of EBS Wwdlve to reproduce the behavior displayed in Fig. 7

Also shown in Fig. 7 are the electron-backstreamialages calculated by the CEX2D computer code [9]
These results indicate that the CEX2D code giya®ty good estimation for the EBS voltage andsdpces many
of the key features of the behavior versus run tme throttle level, and in general, tends to sohawver-predict
the magnitude of the EBS voltage, which is conder®a The code, however, misses the increaseck dlapthe
third test segment at TH15. This is significantédiese it suggests that the code does not adequaieiyre the
approach-to-failure that occurred at the end oftllirel test segment at TH15. In addition, the CEX®de cannot
easily be used in a probabilistic analysis of faikire mode. For this an analytical model is reskd

Therefore, an analytical model consisting of twapavas developed. The first part is an analytigdression
for the voltage at which electron-backstreamingiogdor a given set of grid geometry, beamlet airrand applied
voltages. The second part is a semi-empirical inaideow the accelerator grid geometry changes viitie. This
semi-empirical model of the accelerator grid geoynas a function of time was used with the CEX2@deto get
the calculated values shown in Fig. 7.

A. Model of Electron-Backstreaming

An analytical model for EBS is given by Williamspé&bel and Wilbur in Ref. [10]. This model (whicteW
call the WGW model) calculates the accelerator gotlage,V, , at which electron-backstreaming occurs for a
specified grid geometry and operating state ugiedgallowing set of equations.

V., -AV -V, B
Vas =g &)
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The model is valid for cases wheate<|.. For the cases examined herein this is not alteysase. In general
for the Dawn grid geometry at end-of-life it is redypical thatd, is approximately equal tQ. In addition, the
model (as seen in Eq. 4) includes an exponenti@ldshg term that is used to account for the effettthe
accelerator grid thickness. Without this term dieeivation of the model assumes an infinitely thacelerator grid.
This term was originally used by Kaufman to be#&plain electron-backstreaming data for electraafefnite
thickness. Therefore, the WGW model is also egabnt semi-empirical one whose range of appliigbis
marginal for our intended use. Nevertheless, thésbest analytical model available and, as wilshown later, it
appears to give results at least as good as nuahsiiculations of the grid system EBS behavior.

The ratioJ. /J, represents the fraction of the beamlet curremtrath electron-backstreaming is said to occur.
For the analyses presented herein a value of 10%usad. This value was selected based on thewfolijo
rationale. Measurements of electron-backstreardiming the Dawn thruster acceptance tests weredbasea
measured increase in beam current of 1 to 2 mAfulhpower (TH15) the beam current is 1760 mA dne peak
beamlet current is approximately 0.27 mA/hole. Tieamlet current profile (shown later in Fig. 1@) i
approximately constant at the peak value out txaus of about 1 cm. A 1-cm radius circle contapproximately
65 holes. If each of these holes has a beamletrduof 0.27 mA, then the total beam current frms tegion is
17.6 mA, and 10% of this is 1.8 mA, which meets aiteria of being between 1 and 2 mA. It is assdrihat there
is no electron-backstreaming outside of this 1-aaius region. Therefore, an electron-backstrearfimgion of
10% over a 1-cm radius circle centered on the iocadf the peak beamlet currents will result inabservable
electron-backstreaming current. Fortunately, tBS Eesults are not very sensitive to the assuméage\af this
ratio. For example, it will be shown later that thruster operation at full power (TH15) the paakhe failure
distribution curve for EBS occurs at a propelldambtighput of 189 kg (for a maximunVv] | = 250 V). Decreasing
the value ofl. /J, by an order of magnitude from 0.10 to 0.01 chartijegpeak in the failure distribution curve by
about 1% (from 189 kg to 187 kg). Similarly, inasengJ. /J, by an order of magnitude form 0.10 to 1.00 changes
the peak in the failure distribution by about 5%@iffi 189 to 198).

To use the WGW model to reproduce the behaviolign Fwe need to be able to specify the valuegmwinput
parameters as a function of time over the full titeaange of the thruster (or at a minimum at ttirettle levels
THO, TH5, TH8, TH12 and TH15 which were used in Eel). These parameters are the accelerator giiel h
diameter ¢,) , the beamlet diameted,}, the screen grid hole diametek)( the beamlet currendy), the grid gap
(Ig), the electron temperaturé), the accelerator grid thicknegg)(the screen grid thickness)( the beam plasma
potential ¥,), and the discharge plasma potentigh)

We will take the screen grid hole diameter to bastant since no significant changes in the screghhple
diameters were measured after the ELT [6]. Theescrgrid thickness, in the worst case, had dealetse
approximately 60% of its original thickness ovee ttourse of the ELT [6]. In the analysis thatdal$ this change
in thickness is approximated as a linear functibthe propellant throughput. A more sophisticasedeen grid
erosion model could be used, but for the purpodesxamining accelerator grid EBS this was considere
unnecessary. This leaves us with nine paramdtatsrtust be specified either as a function of kinettle level @,

Jby lg, Ter Viop, Vi) OF @s a function of run timely, t, andts).
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The beam plasma potential was measured in the lddwas found to vary non-monotonically from 3 \5t&/
(relative to facility ground) over the full thragtrange [8]. In addition, the coupling voltagevasasured in the ELT
was also found to vary non-monotonically over thk throttle range with values from -10 V to -16 \.he beam
plasma voltage is the beam plasma potential relgtvground minus the coupling voltage. The bedasma
potential measured in the LDT of 4 V, and the measigoupling voltage of -11 V were used toggt=4 V - (-11
V) =15 V. Inthe probabilistic analys¥s, is assumed to uncertain by +/- 5V.

The discharge plasma voltag&, is simply the applied beam power supply voltapeazh throttle level. The
electron temperaturd,, was assumed to be 1.8 eV at all throttle levalsel on the data in Ref. [11]. In the
probabilistic analyses, is assumed to uncertain by +/- 1 eV.

Initially, the accelerator grid thickness wasefixat its beginning-of-life value (0.508 mm) foe tentire service
life of the thruster. This was subsequently medifio allow thinning of the accelerator grid nead-ef-life in
order to get better agreement with the approadhitare data given in Fig. 7. We now have fourgraeters left to
specify, the beamlet current, the beamlet diam#tergrid gap, and the accelerator grid hole diamet

B. lon Beamlet Characteristics

The beamlet current is determined from Faradayeitodices taken approximately 2.5 cm downstreanhef t
thruster centerline. Faraday probe traces wemntédr all three Dawn thrusters during formal ataepe testing at
the following throttle levels: THO, TH3, TH6, THIH12 and TH15. Similar traces were taken yearbesaxith
the LDT and ETL thrusters. The Faraday probe traekels current density as a function of radialipos in a
plane normal to the thruster centerline. The WGBSHENodel, however, requires a knowledge of theeturr
through each beamlet, that is, through each paicrefen-accelerator grid apertures.

The procedure illustrated in Fig. 8 is used to aottithe beamlet currents from the Faraday proba. déts
suggested in this figure, the typical Faraday prtodee is both somewhat asymmetric and the peakrdudensity is
generally observed to be off the geometric cemtertbf the thruster. The analysis begins by firsfting the
centerline to maximize the right-left symmetry béttrace. The right and life sides are then aestag produce a
perfectly symmetrical beam current density profiléhis profile is then input to computer programiehhcalculates
the beamlet current required through each of theQlbgrid apertures in order to produce the in@rafay probe
trace. The program accounts for the curvaturéefgrids and the variation in beamlet divergenca asction of
beamlet current. It assumes a uniform current itlers each beamlet. The beamlet divergence angie®
obtained from the CEX2D ion optics computer moded are plotted in Fig. 9. The end result of thiscess is
given in Fig. 10 for Dawn thruster FT3 operatingTétl5. This figure indicates a peak beamlet curcérabout
0.27 mA.

The same process was used to analyze the Faradbg paces taken on the LDT thruster and the twa DS
flight thrusters (DS1-FT1 flew on DS1, and DS1-H¥tame the ELT thruster). These results, shoviaignl1 for
thruster operation at TH15, indicate that the maxmbeamlet current varies from 0.27 mA to 0.30 raithrusters
with identical magnetic circuits operated in thensaway. Similar beamlet profiles for all three Dathrusters are
given in Figs. 12-14 for FT1, FT2 and FT3, respetyi. These data indicate that the maximum beamlaent
varies from 0.27 mA to 0.33 mA (i.e., 0.30 mA + 10%r the Dawn thrusters with FT002 having the leigh
maximum beamlet current. Continuing this process ¢he full throttle range yields the results shaw Fig. 15
where the maximum beamlet currents are plotted fas@ion of throttle level for all three Dawn ttaters along
with the LDT and ELT thrusters. The measured EBlages are plotted against the peak beamlet dsrierfig.
16. This figure indicates that increasing peaknidetcurrents result in greater measured electeakdireaming
voltages and the data is consistent between aktthrusters.

An important parameter in the WGW model is the diten of the beamlets. Three different models ef th
variation of the beamlet diameters with beamletenirwere investigated. These models included biigiied data
on directly measured beamlet diameters; no vandiie., beamlet diameter is independent of thenbetacurrent);
and beamlet diameters calculated by the CEX2D cddee of beamlet diameters calculated by the CEXade
resulted in the best agreement with the data aedefore, the CEX2D results were used in the sulesgcpnalyses
with one modification. The values used correspdnidethe beamlet diameters at the downstream pbériee
accelerator grid aperture and are given in Fig.Thére is no a priori guarantee that this locatiorresponds to the
location of the saddle point voltage. The besteagrent was obtained by multiplying the CEX2D beamle
diameters by 0.9. The resulting beamlet diamatersus beam current (i.e., throttle level) are mireFig. 18 for
both a nominal Dawn thruster and the ELT thruster.

The hot grid gaplg , is another important parameter required by tfi@&/Wmodel. Four independent approaches
to determining the hot grid gap were investigat&dst, finite element modeling of the grid systpnedicts a hot
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grid gap at TH15 of 480 microns [12]. Second,bst test cold grid gap for the ELT thruster wa8 #ficrons [6]

suggesting the grid system may have taken on agmemmt set at this gap. Third, beamlet deflecti@asarements
made at TH15, TH10, and TH4 were used to back leaithot grid gap at these throttle levels [13]. sTibiocess
suggested a hot grid gap of 480 microns at TH1&urthR, direct measurements of the hot grid gap theemn made
on a functional model thruster and relatively newgat TH15, TH8 and THO [14]. These measuremiaisate a

much smaller hot grid gap of only 300 microns atl’hH Comparison of the grid gaps from Refs. 13 Bhas given

over the throttle range in Fig. 19. Clearly theye significant difference in the values of thepgaletermined by
these different techniques. To be conservativaditextly measured values were used in the subségualyses.
The analyses assume that the hot grid gaps daarigehas a function of propellant throughput.

Using the hot grid gaps from Fig. 19 and the begigwof-life grid geometry in WGW model gives thdiddine
shown in Fig. 16. These results agree well with rtreasured data. This formulation produces apmrabely the
right values with approximately the right slopeth@ calculations made with the CEX2D code indidhtg the
beamlet diameters don’t change significantly asatteelerator grid apertures enlarge due to erosion.

C. Acceerator Grid Hole-Wall Erosion

The final key parameter required by the WGW modehe accelerator grid hole diameter. Determinaticthe
correct value of this parameter as a functionrogtis not straight forward. This difficulty resufprimarily from the
fact that the hole diameter itself is not well defil. At the beginning-of-life the hole geometrgisped-shaped, as
shown in Fig. 20, due to the chemical etching pssaesed to form the holes. The end-of-life holengetry is also
shown in Fig. 20 [6]. The minimum hole diametes m@aved upstream almost 100 microns and the helehas a
distinctive chamfered shape at the downstream crfalhe time-evolution of the hole geometry frdme BOL
shape to the EOL shape is assumed to follow thhesgs. The first phase removes the cusps fornoed the
chemical etching process creating holes with amcqipately cylindrical shape. The second phasentaais the
cylindrical hole wall shape and increases the diam# the final minimum hole diameter. The thpHase
chamfers the downstream end of the hole. Changferinhe upstream end is ignored.

Measurements of the minimum accelerator grid h@endter in the center of the grid are given in Rifj.as a
function of time in the ELT. Also shown in thigtire is the prediction of accelerator grid erosmwodel that
follows the three erosion phases discussed abd@te that during the “chamfering” phase the minimboie
diameter does not change. In this phase, onlydtvenstream end of the accelerator grid apertureniarged.
During the ELT it was known that the minimum accater grid hole diameter in the center of the tteustopped
enlarging after about 12,000 hrs of operation. Phetographic measurement technique that deterntimsd
however, could not detect the chamfering of theehiol It was also known that the magnitude of tleetstn-
backstreaming voltage continued to increase. Howretoncile of these facts remained a mystery timilpost-test
examination of the accelerator grid revealed thricant chamfering at the downstream end of thertres. It is
interesting to note that this change in erosiomgeoy was not evident in the 8,200-hr LDT. In T it took
more that 12,000 hours of operation to identifis tiosion pattern which is a key feature in thervoes failure of
the accelerator grid by electron-backstreaming.

The notional erosion model consisting of the thphases discussed above is made quantitative by tisen
results from the ELT. As indicted in Table 1 theTElas operated in seven test segments in the foliparder of
throttle levels: TH12, TH15, TH8, TH15, THO, TH1&d TH5. The total mass removed from the accelehatle
wall, Maqw , IS simply given by:

M AHW — rT‘TH 12Tl + rT‘TH 15T2 + rT]TH 8T3 + rT‘TH 15T4 + rT‘TH 0T5 + rT‘TH 15T6 + rT‘TH 5T7 (8)

whereT, throughT; are the durations spent at each test segmenves i Table 1 andi,,, is the accelerator
hole wall erosion rate at throttle level THxx. $Hormula can be rearranged as:

MAHW = mTHlS Tz +T4 +T6 + rT]THlZ T1+ r.nTHS T3 + r.nTHO T5 + r.nTHS T7 9)

mTH 15 mTH 15 mTH 15 mTH 15
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rhTHxx

mTH 15

for My, ;s at an accelerator grid voltage of -180 V, aretptbin Fig. 22 for three values of the accelergtid

voltage: -180 V, -200 V and -250 V. These datadat that the ratio of the accelerator grid hobdlat any
throttle level compared to that at full power (THIiS not sensitive to the accelerator grid voltagde 3 order
polynomial curve fit shown on this figure was geated to facilitate interpolation to other throteels.

The final step is to adjust the value fin,,,. until the above formula produces the measuredevédu the

centerline accelerator grid hole mass loss of ;§96]. This requires thaty,, . =0141mg/khr. With this value,

the erosion model now enables the mass loss frentehterline accelerator grid hole to be calculatedny time
for any combination of throttle levels. The copesding grid aperture geometry can then be detenising the
assumption of the three phases of erosion descsibede.

The ratio are obtained from the CEX2D computer code. Thaises, which were obtained using the value

D. Accelerator Grid Pits& Grooves Erosion

The photograph in Fig. 23 shows the characteriptis & grooves” erosion pattern on the downstreside of
the accelerator grid. This erosion can contriliatéhe failure of the accelerator system in thregsv First, it is
clear from this picture that in the “pits” locat®ithe erosion has proceeded completely througtyrilde If the
erosion in the “grooves” regions between the gigs aroceeds completely through the grid, thengttie will fail
structurally. Second, when the erosion in the mtgons penetrates the grid, erosion onupsream side of the
accelerator grid will then occur. Some of the mateeroded from the upstream surface will get d#pd on the
downstream surface of the screen grid. This nadteduld subsequently flake off and electricallpihthe grids.
Finally, the pits & grooves erosion pattern coultkisect the enlarged grid apertures. This isrlgleghat has
happened in the photograph in Fig. 23. At thisetitme geometry of the grid changes significantlgt aslatively
rapidly. Only small islands of the original aceel®r grid thickness are visible in Fig. 23. Tlestrof the grid is
thinner which contributes to the onset of electbaickstreaming.

Erosion in the pits & grooves pattern is handlethuwhe same methodology used for the grid-holei@nosThe
total mass removed from the pits & grooves regimumad each hole is given by,

M pg = MH 12Tl + MH 15T2 + MH 8T3 + m'?H 15T4 + rhTH 0T5 + rmH 15T6 + rr{r,H 5T7 (10)

where the paramete!i’h}HXX indicates the mass removal rate from the pits @oges region at throttle levé@Hxx at

the beginning of life accelerator grid voltagesheTparameter'n}'HXX indicates the mass removal rate at end of life
accelerator grid voltage of -250 V. This equai®then rewritten in the form,

M, = m;'ms[mf,“l? ARILLLESE L CEE SV UL CLE S L CL TJ (11)
mTH 15 mTH 15 mTH 15 mTH 15 mTH 15

i~/
The ratiosr_nzﬂ are calculated using the CEX2D code. It may se®re appropriate to use the 3-dimensional
H15

CEX3D code for these calculations [15], but sinegrevinterested only in the ratios of the erosiates, the 2-
dimensional CEX2D code should be adequate. Thétires normalized ratios are given in Fig. 24. @lacluded

in this figure are the normalized erosion rateosafor the hole-wall erosion used in Eq. (9) angteduced from
Fig. 22. The relative erosion rates given in R2g.were fit to cubic polynomials to enable integimn to other
throttle levels. These curve fits are all in theni:

Mass of Material ErodedM =a, +a,TH ,, +a,TH % +a,TH 3,
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where the coefficienta, throughas are given in Table 5. These curve fits were theed in Egs. (9) and (11) and
the values offf,,,5 and Iy, . are selected so that the results matched the neebsiasses of material eroded in

the hole wall (2.69 mg), and pits & grooves (3.4@)mespectively. The values for,, . and r'n$H 15 are also
given in Table 5.

E. Deterministic Analyss Results

With this formulation we can now calculate the amoof material eroded from the hole walls or in pies &
grooves pattern as a function of time for thos@felhere the beamlet current is a maximum. Thiseadone for
any combination of throttle levels in any ordeior Ehe throttle levels that correspond to the repngative trajectory
of Fig. 4 the estimated material removed from tleekerator hole wall as a function of propellantotighput
processed per thruster is given in Fig. 25. Tleedfour curves given in this figure. The one labé¢One thruster”
assumes that a single thruster is used for theeemission. The curves labeled, “Two thrusterseslegually” and
“Three thrusters share equally,” assume at twdiet thrusters are used for the mission and tleaptbpellant
throughput is shared equally among the thrusteevety throttle level. Also shown in this figurea curve that
corresponds to the ELT. The ELT curve rises mdowlyg that those corresponding to the Dawn trajees
because the ELT thruster was operated at thretildd less than TH15 earlier (i.e., at lower prigpelthroughputs)
than is required by the representative Dawn trajgct The changes in slopes of all the curves spoed to
operation at different throttle levels.

The ELT thruster had reached its end-of-life foemgtion at full power prior to the end of the te&this is
estimated to have occurred after approximately l1§®f material had been eroded per hole from die walls. If
a single thruster is used for the entire missiowjli result in much larger values of material @ed per hole. As we
well see in the subsequent section, there is a J@@¥ability that a single thruster will wearouitifs attempted to
be used for the entire mission.

A similar set of curves is given in Fig. 26 for thigs & grooves erosion. The three Dawn-traject@hated
curves in this figure are seen to start out witklightly steeper slope than the ELT curve up torepgllant
throughput of about 70 kg. This is a result oftstg the Dawn thrusters out with an acceleratat goltage of -200
V instead of the -180 V used in the ELT at full msw The slope change in the three Dawn-trajecteated curves
at about 70-kg throughput corresponds to chandirgatcelerator grid voltage from -200 V to -2750vptevent
electron-backstreaming as the grid wears. FoEttiethruster the accelerator grid voltage was clednigom -180
V to -250 V after the thruster had processed 88flkgenon (with the exception of the THO test segnvemich was
run with an accelerator grid voltage of -150 V).

F. Calculated EBSvsTimeintheELT

Close examination of the data in Fig. 7 indicates in the third test segment at TH15, which covkesrun
times from 21,306 hours to 25,706 hrs, there iearchange in slope that occurred at approxim&&]J§00 hours.
To account for this in the EBS model, it was asdlitiiat effective thinning of the accelerator grehan at this
time. Post-test measurements of the acceleratbirglicated a reduction in grid thickness aroumeltioles near the
thruster centerline from the original thickness568 microns to approximately 450 microns [6]. Tba time of
23,600 hours at which this thinning is assumedeigirb corresponds to a maximum estimated mass reinose
hole from the hole wall of 2.28 mg. The final nraxim hole-wall mass removed per hole from the hokss the
thruster centerline was 2.69 mg as determined Isj-fest measurements [6]. The grid erosion modstribed
above estimates a maximum mass removed per hake7@f mg over the ELT. This corresponds to an over
prediction of the maximum hole-wall mass removediofy 3%. The grid thinning occurs at this timeedo an
intersection of the pits & grooves erosion pattemthe downstream side of the grid with the hold-weosion
pattern as shown in Fig. 23. Thinning of the am@dbr grid is assumed to vary linearly with theoamnt of hole-
wall mass removed over the range from 2.28 mg#a thg as indicated in Fig. 27.

During the ELT the grid system had reached its @dide at TH15 after 25,706 hours of operating ¢im
corresponding to a total propellant throughput bt Xg of xenon. The grid erosion model estim#tes at this
time the maximum hole-wall mass loss was 2.58 Mgte the measured EBS data in Fig. 7 at 25,706shdoimot
exceed the 250-V capability of accelerator powgqapbusuggesting that the grid system was still apenal. As
the end-of-life was approached, measurements oEB® voltage were recorded approximately every @50
hours until electron-backstreaming could not bes@méed. Only the data in which a successful EB&suement
could be made were recorded. The highest recorale@ was 242 V, which is still 8 V below the caiigbof the

9
The 30" International Electric Propulsion Conference, Florence, Italy
September 17-20, 2007



accelerator power supply. This suggests that tisetoof EBS voltages greater than the power sugapgbility is
quite rapid (relative to the time-scale of nornfaluster operation) and can correspond to EBS wltignges of
greater than 8 V.

Using the semi-empirical formulation described abtr the erosion of the accelerator-hole walletbgr with
the WGW model enables the electron-backstreamittggeto be calculated as a function of time inEhd. To
do this the parameter values listed in Tables 34amndre used and the results are given in Fig.T28 model gives
reasonably good agreement with the measured EBS datappears to give approximately the right epand
reproduces the changes with throttle level. Ferldst ELT test segment at TH15, the WGW model updedicts
the EBS voltage at failure by up to 31 V. For tf@ason and to add a small amount of conservatifgxed 35 V is
added to the WGW model to determine the EBS voltege end-of-life in the probabilistic analysest tloow.

G. Probabilistic Failure Analyss (PFA) Model

The EBS and wear models presented above are deistimi In reality, of course, not all of the irtpu
parameters required by these models can be spkeefactly. This uncertainty in the input parametean be
handled by putting the analysis into a probabdiftamework in which the key input parameters di@wed to vary
over specified ranges of values. In general, tiiaaes could have specified distributions — if knowiver these
ranges. For the analyses presented below alleop#rameter distributions are assumed to be uniforen the
specified ranges. The key parameters and theajfesaof allowed variation are given in Table 7. Taeges in this
table were selected to capture the uncertaintyniclwthese parameter can be specified. It is nopeeted in every
case that each of these parameters actually hasatije of variability. The ranges in Table 7 ude our lack of
knowledge regarding how to specify these parametastly.

The range in sputter erosion rates was selectefllasvs. The 8,200-hr Life Demonstration Test (LDT
indicated a peak sputter erosion rate for the acaglr grid hole walls of 0.124 mg/khr at TH15. eTBLT results
indicated an average rate of 0.146 mg/khr at TH1Sing the ELT as the “nominal” rate, the measw®d rate is
15% less than this. The erosion model presentedesdiso calculates that the pits & grooves erosidhe LDT is
44% of the total accelerator grid erosion. Thiseag well with the 43% estimate in Ref. [8] for thits & grooves
erosion fraction. The erosion rates were assumedry by +/-15% from the ELT values.

The propellant flow rate uncertainty of +/-3% imply the requirement for the propellant feed systemtch is
met by the flight system. The beamlet current uagaty of +/-10% captures the range of peak betmgents at
TH15 observed on the five flight thrusters thatdnbeen built and tested (2 for DS1 and 3 for Daaswell as the
engineering model thruster used in the LDT. Thantlet diameter uncertainty was assumed to be the s the
beamlet current uncertainty. The uncertainty ie width of the pits & grooves erosion pattern walseh from
measurements made on the LDT thruster [8]. Thenbpksma potential uncertainty of +/-5 V represearis
uncertainty of 33%.

The PFA process uses these parameter ranges imte l@arlo simulation. The value for each paramigter
Table 7 is selected at random from within the dpetirange. The model then calculates the amotigrid
material removed as a function of time in incremeot 100 hours. For each increment of time thetela-
backstreaming voltage is calculated using the WGWdehpresented above. If the EBS voltage is grehts the
maximum capability of the accelerator power sugpllgich is 275 V for Dawn and 250 V for NSTAR/DSd),the
pits & grooves pattern has eroded completely thnahe grid, or the pits & grooves pattern has seeted with the
chamfered accelerator grid apertures, then theigrsaid to have reached its end-of-life. Thiscpss is repeated
typically 25,000 times to determine the failurelmbility as a function of run time (or propellahtdughput).

Full Power Operation Only: The results of PFA process are shown in Fig.d29He ELT thruster operating at
TH15. This figure gives the calculated failuretdimition as a function of propellant throughputhat is, how
many times did a calculated failure occur at eadpgllant throughput. The most probable throughgiuhich
failure will occur corresponds to the peak in ta#ure distribution. For Fig. 29 this is at a thghput of 197 kg.
The width of the distribution is determined by ttamges of the key parameters specified in Tabl&Vith these
specified ranges, Fig. 29 indicates that ther@&sahance in a thousand that that the grids caillddie to electron-
backstreaming after processing only 128 kg. Sihgilghere is some chance that the failure wontuoauntil after
the thruster has processed 250 kg. From a missioness standpoint, we are concerned with theotatihe
distribution on the left-hand side. The calculditure distribution fits relatively well to a Gasian distribution as
indicated in this figure with a standard deviatafr23 kg. This is significant since the tail oGaussian distribution
falls of quite rapidly with distance from the peak.
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Integrating the curve in Fig. 29 up to any speditieroughput yields a curve of the total failurelmbility as a
function of throughput as shown in Fig. 30. Thgufe indicates that there is a less than 1% piibtyathat the
grids will fail due to EBS after processing 140 dfgxenon at full power. The 50% failure probalilih Fig. 30
corresponds to the peak of the failure distributiofig. 29.

ELT Simulation: The PFA model of accelerator grid wearout was usesimulate the ELT results. The model
was run over the throttling profile used in the E&J given in Table 1. The only exception to thasuhat if the
thruster had not failed by the time it completddofithe ELT test segments, the simulated thrusparation was
continued at TH5 until the thruster did fail. Tiresults of this process are shown in Figs. 31 ghd The failure
distribution in Fig. 31 actually suggests two diffet distributions. The first distribution is asmsded with
operation at full power. The second distributierfar operation at lower power levels, with mostlas being at
TH5. This change in distributions is what gives tinusual shape to the failure probability curv&im 32. This
curve indicates that there was approximately a 8B&mnce that the ELT thruster would fail due to EB&e end of
the last test segment at TH15. This is consistéhtthe actual test since the ELT thruster didldaie to EBS at the
end of this test segment. After this failure, tHel Bvas continued for another 4646 hours at TH5 protessed an
additional 24.3 kg of xenon at this throttle lev@lhe test was terminated after processing a ¢bt2B5 kg of xenon
(corresponding to a calculated failure probabitify41%). If the test had been extended furthertk, the PFA
indicates that the 50% failure probability wouldvaccurred at a throughput of roughly 260 kg. phak of the
second failure distribution in Fig. 31 occurs aheoughput of approximately 300 kg, so it is likehat the ELT
thruster could have processed significantly mopeilant than the 235 kg actually demonstratechentest — at
least from the standpoint of accelerator grid @msi In any case it is clear that the predictiohprobabilistic
formulation of the electron-backstreaming modekagwell with the results from the ELT.

One Thruster for the Entire Mission: The PFA was used to determine the probability ¢haingle ion thruster
could perform the entire Dawn mission. The trajectllustrated in Fig. 2 was used in the PFA teedmine the
thruster wearout probability as a function of pitge processed. To complete the entire Dawn missiith a

single thruster requires it to process a totalpgraximately 395 kg of xenon. The results of ti&\Rare given in

Fig. 33. This figure indicates a 50% probabilityy toruster failure after a throughput of 218 kg ah@0%

probability of failure at approximately 270 kg. e@fly, a single thruster cannot be expected toparthe entire
Dawn mission.

Two Thrustersfor the Entire Mission: The PFA model was run assuming two nominal ionsters are operated
for the entire mission and that the propellant tigigout is shared equally between them at everytiadevel. The
use of two thrusters for the entire mission represéhe worst-case mission use. The model indicatewearout
failures. However, one of the thrusters (FT2) akjuhas a peak beamlet current at TH15 that isiab6% higher
than the nominal value assumed above. TherefoeeREA was re-run with the peak beamlet currerteased by
15%. The corresponding hole-wall erosion rates@tsd& grooves erosion rates were also increagetbBo. To
be conservative these increases in beamlet curaedt®rosion rates were applied over the full tleeange even
though the measured peak beamlet currents for FEardy higher than the nominal curve fit value§ Bl5. The
effect of the peak beamlet current is shown in Bgwhere the failure risk is plotted for operatanTH15 only,
with three values of the peak beamlet current: naini+10%, and +20%. These results are then @los®d in
Fig. 35. The results in Fig. 35 indicate that ginepellant throughput based on accelerator gridienois a linear
function of the beamlet current with a slope 0b-Rg/%. That is for every percent increase inghak beamlet
current, the propellant throughput capability at1bHs reduced by 2.5 kg. A 10% increase in thek gemmlet
current would decrease the throughput capabilits bpn-negligible 25 kg.

With 15% higher beamlet currents (correspondinth&ouse of thruster FT2) the PFA indicated thatethe a
5.5% probability that the thruster will fail undiye worst-case mission use constraint before psotgs$he required
197 kg of xenon. The calculated failure probapitis a function of propellant throughput is givarFig. 36. This
figure shows that the there is less than 1% prdibaloif failure due to accelerator grid erosion tapa propellant
throughput of 178 kg and a 5.5% probability thaill fail at 197 kg. Failure of this thruster, Wwever, doesn’t
necessarily mean that the mission has failed.ait be possible for the mission to be completedgusie remaining
thruster. In this case the remaining thruster dduhve to process the propellant that wasn't peszkdy the
thruster that wore out, as well as processingfati® propellant that it is responsible for. Imgeal, for the mission
to be accomplished with just two thrusters, eachstier has to process approximately 197 kg of xerorthis case,
if one of these thrusters fails after processing kg, then the remaining thruster would have t@ess 197 kg plus
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the 20 kg not processed by the failed thrustemaftotal of 217 kg. Since this is still less thhe 235-kg xenon
throughput demonstrated in the ELT, there is sagasonable expectation that this is may be possible.

The PFA was re-run for the case where two thrusterdd share equally the propellant throughputulyio178
kg each and then one thruster would complete thssiom. This remaining thruster was assumed to basenlet
currents and erosion rates that were 5% abovediménal, i.e., this would correspond to the charasties of FT1.
The results of the PFA are given in Fig. 37 whetie shown that there is a 3.2% probability of theuster failing
due to wearout of the accelerator grid. Therefthre, probability of mission success is calculatedoows. There
is 99% probability that the first thruster (FT2)llveiuccessfully process 176 kg of xenon. Of thprapimately 1%
of the cases where the thruster fails after pracgskr6 kg of xenon (or more), there is a 97% pbdlig that the
second thruster can successfully complete the onissTo be conservative we’ll assume that all 5&%e failure
in Fig. 36 occurred at 176 kg. The probabilitynoEsion success, from the perspective of accelergid life, is
0.945 + 0.055 x 0.97 = 0.998, under the assumpkiahthe mission is performed with just two ionutters and
these two thrusters are the ones with the highezt peamlet currents (i.e., the worst ones).

IV. Conclusion

The ion propulsion system for Dawn is capable afgrming the entire mission, which requires prooggs
approximately 400 kg of xenon, with just two of theee on-board ion thrusters. The failure of tmaster right at
the start of the mission represents the worst-gaission use for the remaining two thrusters. Assent of the
wear-out failure risk for these remaining two thens requires that all of the significant wear-faiture modes be
known. The substantial body of life-test expereaccumulated over nearly 50 years of ion thrudteelopment
in general and over 13 years of ground and fligist &xperience with the thruster design for Dawre diigh
confidence that all of the important wear-out feelunodes are known. On the basis of this expegjamhich most
significantly includes a 30,352-hr life test, itksown that the life-limiting wear-out failure moé& the Dawn ion
thrusters is electron-backstreaming due to erosibrthe accelerator grid by charge-exchange ions.ostM
significantly the 30,352-hr life test actually tedtthe thruster to failure at full power. This gam of the test
provides essential information about the physiaheffailure mechanism. A key feature of thisis tinderstanding
of how the accelerator grid geometry changes viitte tas it erodes. Note, extrapolation from theiltesof an
earlier, fairly long life test of 8,200 hours, dmbt capture the essential details necessary toepggomodel this
failure mechanism.

A semi-empirical model of the accelerator grid @ogjeometry as a function of time is developecttam the
information from the 30,352-hr life test. This sian model is used in an analytical model whictcuialtes the
electron-backstreaming voltage as a function ofghié geometry, ion current, and applied voltagée resulting
combined model gives predictions of the electrookbaeaming voltage as a function of time that agvell with
the values measured in the 30,352-hr life testis €bmbined analytical model is used in a probstidiframework
to assess the wear-out failure risk for the woastecmission use of the ion thrusters for the Dawssion. The
probabilistic analyses indicate that the wear-aiufe risk is less than 1% if the worst two Dawn thrusters have
to perform the entire mission.
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Table 1.

Summary of ELT Test Segments.

Test Segment 1 2 3 4 5 6 7
Throttle Level TH12 | TH15 | THS8 TH15 | THO TH15 | THO
Power Level (kW) 2.0 2.3 15 2.3 0.5 2.3 1.1
Duration (hrs) 447 4246 5758 5166 5689 4400 4646
Xe Processed (kg) 3.9 44.0 39.7 54.3 224 46.5 24.5
Cumulative Throughput (kg) | 3.9 47.9 87.6 1419 |164.3 |210.8 |235.3
Cumulative Duration (hrs) 447 4,693 |10,451 | 15,617 | 21,306 | 25,706 | 30,352

Table 2. Known Significant NSTAR lon Thruster Wear-out Failure Modes.

Iltem As of 1996

As of 2007

1. | Accelerator grid failure due to rogue-hole fotiom

Accelerator grid failure due to rogue-hole
formation

2. | Accelerator system failure due to unclearabié-gr| Accelerator system failure due to unclearable grid-
to-grid shorts to-grid shorts

3. Structural failure of the accelerator grid doe t Structural failure of the accelerator grid due to
erosion by charge-exchange ions erosion by charge-exchange ions

4. | Thruster failure due to electron-backstreaming | Thruster failure due to electron-backstreaming
resulting from aperture enlargement by charge- | resulting from aperture enlargement by charge-
exchange ion erosion exchange ion erosion

5. Cathode heater failure due to thermal cycling th@de heater failure due to thermal cycling

6. Cathode ignition failure or excessive perforngeanc, Cathode ignition failure or excessive performance
degradation due to orifice plate erosion degradation due to orifice plate erosion

7. Screen grid structural failure due to ion erosio Screen grid structural failure due to ion erosion

8. Arcing through the low-voltage propellant isolator

9. Neutralizer clogging at low power

10. Cathode ignition failure due to heater erosion

11. Excessive performance degradation or cathode

ignition failure due to insert depletion

Table 3. Constant I nput Values for the WGW Electron-backstreaming Model.

d a = 1.143|Accel. hole diameter BOL (mm)
d s = 1.905|Screen hole diameter (mm)
e 1.60E-19|Electron charge (coul)
J /Iy = 0.1|Electron-to-ion current ratio that defines EBS
meg = 9.11E-31|Electron mass (kg)
m; = 2.18E-25|lon Mass (kg)
pr = 15|Beam plasma potential (V)
ty = 0.508|Accel. grid thickness (mm)
Te = 1.80|Electron temperature in the beam plasma (eV)
ts = 0.381|Screen grid thickness (mm)
Eo = 8.85E-12|Permittivity of free space (farad/meter)
P = 10.22|Density of molybdenum (mg/mm?®)
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Table4. Throttle-Level Dependent I nput Values for the EBS Model Comparison with the ELT.

Accel. Centerline
Throttle | Hole Wall Beamlet | Centerline Effective
Level Erosion Beam Current, Beamlet \ dp Hot Grid Acceleration
(TH) Rate Current Jp Diameter Gap Length, |e

(mg/khr) (A) (mA) (mm) (%) (mm) (mm)
0 0.017 0.510 0.105 0.850 650 0.460 1.271
1 0.018 0.530 0.108 0.762 850 0.456 1.268
2 0.021 0.530 0.108 0.689 1000 0.456 1.268
3 0.026 0.610 0.122 0.679 1100 0.438 1.256
4 0.032 0.710 0.138 0.712 1100 0.417 1.242
5 0.040 0.810 0.154 0.741 1100 0.395 1.228
6 0.049 0.910 0.169 0.767 1100 0.373 1.215
7 0.059 1.000 0.182 0.787 1100 0.353 1.203
8 0.070 1.100 0.196 0.806 1100 0.332 1.190
9 0.081 1.200 0.209 0.822 1100 0.310 1.177
10 0.093 1.300 0.222 0.837 1100 0.308 1.176
11 0.104 1.400 0.233 0.850 1100 0.306 1.175
12 0.116 1.490 0.244 0.862 1100 0.305 1.174
13 0.127 1.580 0.253 0.872 1100 0.303 1.173
14 0.137 1.670 0.262 0.882 1100 0.302 1.172
15 0.146 1.760 0.270 0.891 1100 0.300 1.171

Table5. Throttle-Level Dependent I nput Values for the Dawn Thrusters.

Accel. Centerline
Throttle | Hole Wall Beamlet | Centerline Effective
Level Erosion Beam Current, Beamlet Vdp Hot Grid | Acceleration
(TH) Rate Current Jp Diameter Gap Length, |
(mg/khr) A) (mA) (mm) () (mm) (mm)
0 0.017 0.510 0.120 0.893 650 0.460 1.271
1 0.018 0.530 0.125 0.801 850 0.456 1.268
2 0.021 0.530 0.125 0.722 1000 0.456 1.268
3 0.026 0.610 0.144 0.716 1100 0.438 1.256
4 0.032 0.710 0.167 0.757 1100 0.417 1.242
5 0.040 0.810 0.188 0.791 1100 0.395 1.228
6 0.049 0.910 0.206 0.819 1100 0.373 1.215
7 0.059 1.000 0.221 0.839 1100 0.353 1.203
8 0.070 1.100 0.236 0.856 1100 0.332 1.190
9 0.081 1.200 0.250 0.869 1100 0.310 1.177
10 0.093 1.300 0.261 0.882 1100 0.308 1.176
11 0.104 1.400 0.270 0.892 1100 0.306 1.175
12 0.116 1.490 0.277 0.899 1100 0.305 1.174
13 0.127 1.580 0.282 0.904 1100 0.303 1.173
14 0.137 1.670 0.285 0.908 1100 0.302 1.172
15 0.146 1.760 0.287 0.910 1100 0.300 1.171
Table 6. Erosion Curve Fit Coefficients
Par ameter Hole Wall Erosion Pits & Grooves Erosion Pits & Grooves Erosion
BOL and EOL BOL EOL
N 1.224 x 10 1.316 x 10 1.480 x 10
a -2.653 x 10° -8.106 x 10 -2.058 x 10
& 8.438 x 10 5.590 x 10 1.600 x 1G
as -2.784 x 10 -2.473 x 10 -7.208 x 10
My 16 0.141 mg/khr N/A
s~/
M, .6 N/A 0.210 mg/khr
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Table 7. Ranges of Key Input Parameters for the PFA Formulation of the EBS Moddl.

Par ameter Range
Sputter Erosion Rates +/- 15%
Propellant Flow Rates +/- 3%
Beamlet Current +/- 10%
Beamlet Diameter +/- 10%
Hot Grid Gap +/- 0.02 mm
Minimum hole diameter after cusp removal +/- 0.01 mm
Minimum hole diameter at which chamfering starts +/- 0.02 mm
Width of Pit & Grooves erosion pattern 450 to 575 microns
Beam plasma potential +/-5V
Electron Temperature in the beam plasma +/- 1.0 eV
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Fig. 8. Procedure used to extract beamlet currents from measured Faraday probe data.
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Fig. 10. Calculated beamlet profile for FTO03 operating at TH15 unpacked from measured Faraday probe data.
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Fig. 23. SEM phétograph of the downstream surface of the ELT accelerator grid after the test showing grid
thinning around the accelerator apertures due to the intersection of the hole-wall erosion with the pits & grooves

erosion.
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Fig. 27. Assumed variation in accelerator grid thickness with the mass removed from the accelerator grid hole
wall.

250 ! - _ :
I ! Note change in slope at ~23,200 hrs
| o Measured ! |
|| = Calculated |
200 | | e
: ¢ |
| | |
| | |
— | | |
> | : |
= [ I [
E | | | | |
5 l | l : |
[0)] | | | | |
B 100 | | | [ ——"
: | : : |
| | | | |
| | | | |
| | | | |
50 ! | | | |
| | | | |
| | | | |
TH12 :4— TH15 —Jl TH8 —>}<— TH15 —JI<— THO —>:<— TH15 —J|»<—TH5 —>:
ol | i K | B I
0 5000 10000 15000 20000 25000 30000

Run Time (hrs)

Fig. 28. Comparison of the WGW model for EBS with the ELT data
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Fig. 30. Probability of grid failure from electron-backstreaming as a function of the propellant throughput at
full power (TH15).
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Fig. 31. Calculated failure distribution for the NSTAR ion thruster in the ELT.
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Fig. 32. Calculated failure probability for the NSTAR ion thruster in the ELT.
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Fig. 33. Calculated failure probability for a single Dawn thruster used for the entire mission. Thereis a 100%
probability that the thruster will fail due to accelerator grid erosion before processing the 395 kg of xenon
required to complete the mission.
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Fig. 34. The effect of peak beamlet current on the cal culated failure probability for operation at TH15.
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Fig. 36. Calculated failure probability for FT2 based on accelerator grid eroson assuming that FT2 and one
other thruster are used for the entire mission and that these two thrusters share the propellant throughput
equally at every throttle level. Thereisa 1% failure probability at a throughput of 178 kg.
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Fig. 37. Calculated failure probability for FT1 to complete the mission for the 1% of cases where FT2 failed
after processing 178 kg of xenon. This assume that only FT1 and FT2 are used for the entire mission and that
prior tothefailure of FT2 the thrusters were shared the propellant throughput equally at every throttle level.
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