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Abstract: A study was conducted to quantify the impact of back-sputtered carbon on 
the downstream accelerator grid erosion rates of the NEXT (NASA’s Evolutionary Xenon 
Thruster) Long Duration Test. A similar analysis that was conducted for the NSTAR 
(NASA’s Solar Electric Propulsion Technology Applications Readiness Program) Life 
Demonstration Test was used as a foundation for the analysis developed herein. A new 
carbon surface coverage model was developed that accounted for multiple carbon adlayers 
before complete surface coverage is achieved. The resulting model requires knowledge of 
more model inputs, so they were conservatively estimated using the results of past thin film 
sputtering studies and particle reflection predictions. In addition, accelerator current 
densities across the grid were rigorously determined using an ion optics code to determine 
accelerator current distributions and an algorithm to determine beam current densities 
along a grid using downstream measurements. The improved analysis was applied to the 
NSTAR test results for evaluation. The improved analysis demonstrated that the impact of 
back-sputtered carbon on pit and groove wear rate for the NSTAR LDT was negligible 
throughout most of eroded grid radius. The improved analysis also predicted the accelerator 
current density for transition from net erosion to net deposition considerably more 
accurately than the original analysis. The improved analysis was used to estimate the impact 
of back-sputtered carbon on the accelerator grid pit and groove wear rate of the NEXT 
Long Duration Test. Unlike the NSTAR analysis, the NEXT analysis was more challenging 
because the thruster was operated for extended durations at various operating conditions 
and was unavailable for measurements because the test is ongoing. As a result, the NEXT 
LDT estimates presented herein are considered preliminary until the results of future post-
test analyses are incorporated. The worst-case impact of carbon back-sputtering was 
determined to be the full power operating condition, but the maximum impact of back-
sputtered carbon was only a four percent reduction in wear rate. As a result, back-sputtered 
carbon is estimated to have an insignificant impact on the first failure mode of the NEXT 
LDT at all operating conditions. 

Nomenclature 
dAerode/dAo  = Ratio of pit and groove eroded area to the hexagon area surrounding a single aperture 
(dE/dx)e = Electronic stopping power 
(dE/dx)n = Nuclear stopping power 
e = Electron charge 
i = Adsorbate adlayer (i = 0 denotes the substrate surface) 
ja = Average accelerator current density in the pit and groove erosion pattern 
Ja  = Accelerator current 
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ja-trans  = Average accelerator current density at transition from net erosion to net deposition 
Jaw  = Accelerator current collected by the accelerator aperture barrel walls 
jb = Beam current density along the accelerator grid 
Jb  = Beam current 
Nc = Surface density of substrate adsorption sites occupied by adatoms 
NEXT = NASA’s Evolutionary Xenon Thruster 
NEXT LDT = NEXT Long Duration Test 
No = Surface density of substrate adsorption sites  
NSTAR = NASA’s Solar Electric Propulsion Technology Applications Readiness Program 
NSTAR LDT = NSTAR Life Demonstration Test 
Ri = Particle projectile range  
RN = Particle reflection coefficient (the ratio of reflected-to-total particles incident on a surface) 
s = Adsorbate sticking coefficient 
Va = Accelerator power supply output voltage 
Vbeam = Beam plasma potential 
Vcex = Charge exchange ion energy 
Vg = Coupling voltage 
Y = Sputter yield 
γC = Carbon back-sputter flux 
θi = Fractional surface coverage of adlayer i 
θc = Total fractional surface coverage of substrate adsorption sites by adsorbate  
 
Subscripts and Superscripts 
C = Carbon adsorbate 
C-Mo = Single carbon adsorbate adlayer on a molybdenum substrate 
i = Adsorbate adlayer (i = 0 denotes the substrate surface) 
max = Maximum value 
Mo = Molybdenum substrate 
net = Net value 
trans = Transition from net erosion to net deposition  

I. Introduction 
HE NASA Glenn Research Center is responsible for the development of NASA’s Evolutionary Xenon Thruster 
(NEXT) ion propulsion system.1 The NEXT system is a next generation ion propulsion system to follow the 

successful NSTAR (NASA’s Solar Electric Propulsion Technology Applications Readiness Program) ion propulsion 
system that propelled NASA’s Deep Space 1 spacecraft and is presently propelling the Dawn spacecraft.2,3 The 
objective of the NEXT project is to advance this propulsion technology to NASA Technology Readiness Level 5, 
with significant progress towards level 6, to support NASA Science Mission Directorate missions.4 Propulsion 
system elements under development by the NEXT program include a high performance, 7 kW ion thruster; a 
modular, high-efficiency 7 kW power processor unit; a highly flexible advanced xenon propellant management 
system; and a compact, light-weight thruster gimbal. This design approach was selected to provide future NASA 
science missions with the greatest value in mission performance benefit at a low total development cost.1 

 The service life capabilities of NEXT and NSTAR ion thrusters were assessed via analyses (e.g. see Refs. 5 and 
6) and long duration tests (e.g. see Refs. 7-11). During the operation of any long duration test, accelerator grid wear 
rates are affected by two competing, facility-induced effects. The facility background pressures are higher than that 
in space due to pumping speed limitations. This leads to a higher neutral density near the accelerator grid and 
therefore the creation of more charge-exchange ions at the accelerator grid region, which subsequently enhances 
accelerator grid wear rates. However, energetic ions from the thruster’s exhaust plume will also sputter-erode 
downstream vacuum facility surfaces. This sputter-eroded facility material is ejected in all directions, including 
upstream towards the ion thruster and its exposed accelerator grid. The phenomenon of depositing this sputter-
eroded vacuum facility material back onto a thruster is commonly referred to as back-sputtering. The back-
sputtering of eroded facility material onto the thruster’s accelerator downstream grid can potentially introduce an 
unwanted effect where the accelerator grid downstream surface erosion rate is masked by the arrival rate of back-
sputtered facility material. To mitigate this effect, sputter-eroded facility walls are lined with a low sputter yield 
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material, typically carbon in the form of graphite. Unfortunately, there is a concern that carbon deposition on critical 
accelerator grid erosion sites can significantly reduce their erosion rates compared to that in space.12 

 The NEXT ion thruster service life capability is being assessed, in part, via a long duration test (NEXT LDT) 
that was initiated in June 2005 and is still operational today.7 The objectives of this test are to demonstrate the initial 
project qualification propellant throughput requirement of 450 kg, validate thruster service life modeling predictions, 
quantify thruster performance and erosion as a function of engine wear and throttle level, and identify unknown life-
limiting mechanisms. After demonstration of the qualification propellant throughput of 450 kg of xenon, the first 
objective was redefined to test to failure or as long as project funding permits. In September of 2013, the thruster 
exceeded 50,000 h of accumulated operation and 900 kg of propellant throughput with a demonstrated total impulse 
of > 34.8 MN·s over a range of power-throttled operating conditions. The NEXT LDT has set electric propulsion 
records for the most hours of operation, highest propellant throughput processed, greatest total impulse 
demonstrated, and longest hollow cathode operation.7  
 A detailed service life assessment was also conducted in parallel with the NEXT LDT.5 All credible thruster 
failure modes were assessed over the full power throttling range of the NEXT ion thruster. The first failure mode of 
the NEXT thruster over the entire power throttling range was predicted to be structural failure of the accelerator 
grid. This failure mode is due to sputter erosion of the downstream accelerator grid surface by charge-exchange ions 
created in this region. These eroding ions create a hexagonal “pit and groove” erosion pattern that surrounds each 
aperture as shown in Fig. 1. Because the NEXT LDT ion thruster is operated in a vacuum facility that is lined with 
graphite panels,7 this thruster wear is subject to carbon back-sputtering. As a result, the impact of back-sputtered 
carbon on accelerator grid pit and groove wear rate must be assessed to verify that the objectives of the test are being 
met. 

 Following the NSTAR Life Demonstration Test (NSTAR LDT), a 
detailed analysis was conducted to assess the effects of carbon 
deposition on accelerator grid pit and groove wear rate.11,12 A surface 
coverage time rate of change model was developed to assess the 
impact of back-sputtered carbon on the sputter yield of the 
molybdenum accelerator grid surface. Sputter yields of a single carbon 
monolayer adsorbed onto a molybdenum surface were both measured 
and determined theoretically based on a model by Sigmund and 
Winters.13 Both measured and theoretically-determined sputter yields 
for a single carbon monolayer were found to be much higher than that 
of bulk carbon. Unfortunately, the surface coverage model was unable 
to correctly predict the measured location of the transition from net 
grid erosion to net carbon deposition using these higher yields. This 
ultimately brought into question the efficacy of the analysis. 
 The objective of this paper is to quantify the impact of back-
sputtered carbon on the downstream accelerator grid erosion rates for 
the NEXT LDT. The NSTAR analysis of Ref. 12 provides an excellent 

foundation for the analysis of the NEXT LDT. However, the NSTAR analysis must first be improved to more 
accurately predict this transition from net erosion to net deposition. This paper is therefore divided into four 
sections. The analysis for this study is first presented. It includes a description of the original NSTAR analysis with 
improvements developed for this study. Afterwards, these analysis improvements are evaluated and sensitivities to 
the model inputs are determined using the NSTAR LDT results. The improved analysis is then applied to the NEXT 
LDT to determine the impact of back-sputtered carbon on the accelerator grid pit and groove wear rates. Finally, 
conclusions from this study are presented.  

II. Analysis Approach 
The NSTAR analysis approach and improvements for this study are described in the following sections. The 

general model for determining the impact of back-sputtered carbon on accelerator grid wear is initially described. A 
more rigorous carbon surface coverage model is then presented, which is the primary input to the aforementioned 
general model. Finally, the various model inputs for this study are determined. 

A. Impact of Back-Sputtered Carbon on Accelerator Grid Wear 
The following general model for the impact of back-sputtered carbon on accelerator grid pit and groove wear 

rate is the same as that developed for the NSTAR LDT analysis in Ref. 12 and is presented here for completeness. 

Pit 

Groove 

Figure 1. The NEXT LDT accelerator grid
center aperture at 19,520 h showing the pit 
and groove erosion pattern. Darker regions
are net carbon deposition while lighter
regions are net molybdenum erosion. 
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There are three particles involved in the sputter erosion process at the accelerator grid surface in the presence of 
carbon back-sputtering: the xenon ion, the molybdenum grid substrate, and the carbon adsorbate. Molybdenum has a 
body-center cubic lattice with a total carbon adsorption site surface density, No, of 1.0x1015 cm-2. If Nc is the number 
density of adsorbed carbon atoms (or adatoms) occupying those potential adsorption sites, then the fractional 
substrate surface coverage by adsorbate adatoms, θc, is given by: 

 

௖ߠ ൌ
௖ܰ

௢ܰ
	. 

(1) 
The fractional surface coverage will later be shown to be a function of parameters that can vary across a grid (e.g. 
accelerator current density), so θc represents the fractional surface coverage of a differential area along the grid. 

For the moment, adsorbed carbon is assumed to form no more than a single monolayer on the molybdenum 
substrate and that the fractional substrate surface coverage is small (i.e. θc << 1). According to Sigmund and 
Winters, there are three potential interactions that can occur when a xenon ion bombards the surface of the 
molybdenum accelerator grid and these are depicted in Fig. 2.13 For the first interaction, the xenon ion collides with 
a carbon adatom, elastically transferring a portion of its kinetic energy to the adatom, which subsequently reflects 
from the substrate surface. For the second interaction, the xenon ion reflects from the molybdenum substrate and 
collides with a carbon adatom. For the third interaction, the xenon ion collides with the molybdenum substrate, 
initiating a collisional cascade that causes a molybdenum substrate atom(s) to collide with a carbon adatom, 
transferring a portion of its kinetic energy to the adatom. For all three interactions, the adatom escapes the surface 
only if its energy normal to the surface is greater than the adsorbate surface binding energy. Finally, there is an 
increased probability that a single xenon ion can cause more than one interaction as the fractional substrate surface 
coverage approaches complete coverage (i.e. θc → 1).  

The ion and substrate atoms colliding with adsorbate 
adatoms for the first and third interactions only transfer a 
portion of their kinetic energy, so some substrate sputtering 
still occurs even in the presence of single carbon monolayer 
surface coverage. However, substrate sputtering can be 
eliminated in the presence multiple carbon adsorbed 
monolayers, or adlayers. Multiple adlayers of carbon 
adsorbate result in xenon ion energy dissipation as it 
penetrates the adsorbate surface. If the number of adlayers is 
large enough, no substrate sputtering occurs. Because 
multiple adlayers of carbon adsorbate will be shown to exist 
for θc < 1, it can be assumed that the net sputter yield of the 
molybdenum substrate, Y୑୭

୬ୣ୲, is given by:12 

 

ெܻ௢
௡௘௧ ൌ ெܻ௢ ∙ ሺ1 െ  .	௖ሻߠ

(2) 
Here, YMo is the sputter yield of the bulk molybdenum 
substrate. The above equation conservatively assumes that 
any carbon surface coverage results in the elimination of 
molybdenum substrate sputtering at that site. This equation 
defines an average sputter yield of a molybdenum substrate 
covered with carbon adatoms, and therefore represents a 
macroscopic quantity. Rearranging this equation yields:  
 

ெܻ௢
௡௘௧

ெܻ௢
ൌ 1 െ  .	௖ߠ

(3) 
The above ratio represents a correction factor for the 
accelerator grid wear rate in the presence of carbon back-

sputtering. Because 0 < θc ≤ 1 in the presence of back-sputtering, back-sputtered carbon acts to reduce the 
accelerator grid wear rate demonstrated in ground test facilities. And because this net to bulk molybdenum sputter 

Mo Substrate 

C Adsorbate 

Xe Ion Interaction 1 

Mo Substrate 

C Adsorbate 

Xe Ion Interaction 2 

Mo Substrate 

C Adsorbate 

Xe Ion Interaction 3 

Figure 2. Collisional interactions between ion,
adsorbate, and substrate atoms. 
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yield ratio is a function of θc, this ratio can vary along the surface of the grid. All that remains is to determine θc, 
which is the topic of the next section. 

B. Carbon Surface Coverage Model 
Development of a carbon surface coverage model requires an understanding of the thin film growth processes. 

During a sputter deposition process, sputtered adsorbate collides with the substrate surface atoms. If the subsequent 
elastic collisions are sufficient to dissipate the adsorbate kinetic energy normal to the surface, the adsorbate can be 
physisorbed onto the substrate surface to create an adatom. While physisorbed on the surface, these adatoms can 
diffuse along the surface to form and grow clusters. Clusters can also form and grow due to direct adatom collision. 
After reaching a certain critical size, the clusters become stable nuclei and are chemisorbed onto the surface, 
marking the start of the nucleation stage. During this stage, these nuclei grow in number and size until a saturation 
nucleation density is achieved. During this growth process, the nuclei exhibit one of three growth modes:14,15 

1. Island-type growth (or Volmer-Weber growth), where the nucleus grows both normal and parallel to the 
substrate surface; 

2. Layer-type growth (or Frank van der Merwe growth), where the nucleus grows parallel to the substrate 
surface layer by layer; and  

3. Mixed-type growth (or Stranski-Krastanov growth), where the nucleus typically exhibits a layered-type 
growth, followed by island-type growth.  

The nuclei will eventually coalesce, forming bigger islands in a process called agglomeration. These larger islands 
eventually merge leaving channels and holes of uncovered substrate surface, which are eventually filled by 
secondary nucleation and growth.14 

In most practical sputter deposition applications, island-type growth occurs.14 Layer-type growth requires a lower 
binding energy between carbon adatoms than that between carbon adatoms and the molybdenum substrate.15 
Because the primary desorption mechanism in this study is sputtering, this layer-type growth requires the sputter 
yield of a single carbon monolayer on a molybdenum substrate to be less than that of bulk carbon, a condition that 
was shown to be violated in Ref. 12. As a result, layer- and mixed-type growths are not occurring during back-
sputtered carbon adsorption on the accelerator grid.  

Another growth mode type can also occur and is called columnar growth. This surface layer growth mode is 
characterized by ballistic aggregation of adsorbate due to very low adatom surface mobility.15 The resulting 
columnar-like film structure is quite porous and exhibits poor mechanical properties. 

Whether island-type or columnar growth is occurring during back-sputtered carbon adsorption on the 
molybdenum accelerator grid, both growth modes have a common attribute: there are multiple adlayers before 
complete surface coverage is achieved. As a result, the carbon surface coverage model must account for these 
multiple carbon adlayers.  

For the original NSTAR analysis, the surface coverage time rate of change was described with the model below: 
 

௢ܰ ∙
௖ߠ݀
ݐ݀

ൌ ஼ߛ െ
݆௔
݁
∙ ஼ܻିெ௢ ∙  .	௖ߠ

(4) 
Here, γC is the back-sputter flux of carbon adsorbate, ja is the accelerator ion current density in the pit and groove 
erosion pattern, e is the electron charge, and YC-Mo is the sputter yield of a single carbon adlayer on a molybdenum 
substrate. To determine equilibrium surface coverage, dθc/dt is set equal to zero and the result is solved for θc:  
 

௖ߠ ൌ
݁ ∙ ௖ߛ

݆௔ ∙ ஼ܻିெ௢
	. 

(5) 
However, this equation lacks adequate rigor because it fails to account for the growth of multiple carbon adlayers 
before complete surface coverage is achieved. In addition, it fails to distinguish between adsorption onto substrate 
versus existing adsorbate surface coverage.  

So, for this study, a more rigorous carbon surface coverage model was developed. The basis for this is a model 
developed by Brunauer, Emmitt, and Teller that was originally used to describe the physisorption of additional gas 
adlayers on a chemisorbed adlayer.16 For the development of this model, the following assumptions were made: 

1. Back-sputtered carbon adsorbate can be adsorbed both onto a molybdenum substrate and existing carbon 
adatoms, allowing for a range of adlayers before complete surface coverage is achieved. 

2. Carbon adatom surface diffusion is neglected. Although some surface diffusion is likely occurring, surface 
diffusion is likely limited by ion bombardment. The evidence for this is shown in Fig. 3 for the NSTAR 
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LDT accelerator grid surface at the transition from net erosion to net deposition. The image shows carbon 
deposition throughout most of the surface. However, the carbon film in the pit and grove erosion pattern is 
significantly porous compared to the films next to it. And the only difference between these sites is the 
degree of ion bombardment. Significant ion bombardment is speculated to have caused sputter-induced 
desorption of the weakly-bonded physisorbed carbon, limiting its mobility on the film and substrate 
surfaces.  
 

 
3. Carbon adsorbate bulk diffusion is neglected. Thermally-induced bulk diffusion is limited by the low 

anticipated molybdenum substrate temperature (i.e. an anticipated grid temperature of approximately 200 ºC 
versus the 3650 ºC sublimation temperature for graphite).17 However there can be sputter-induced 
redistribution of adsorbate particles, which is neglected here. 

4. Carbon adatoms only stack one on top of another, so No is constant for all adlayers. Graphite, which has a 
stacked hexagonal lattice, has surface densities of 3.8x1015 cm-2 along the hexagonal plane and 1.4x1015 cm-

2 perpendicular to it. Although this varying No is not captured by the model, the carbon film in the pit and 
groove pattern was shown to be porous with a density ≤ 60 percent of maximum theoretical density of 
graphite.12 

5. The only carbon desorption mechanism is sputter erosion. Ho et al. showed that thermal desorption for a 
single carbon adlayer on a molybdenum substrate is negligible for temperatures < 300 ºC.18 And sublimation 
of bulk carbon in the form of graphite requires significantly higher temperatures. 

6. Sputter erosion can only remove a surface carbon adatom and not underlying atoms.  
7. Carbon adsorption onto either the molybdenum substrate or carbon adsorbate includes a sticking coefficient. 

The above assumptions are appropriate for column-like growth, with the only shortcomings being the lack of the 
adatom self-shadowing that leads to the columnar structures in the thin film and that the redistribution due to 
adsorbate layer sputtering was neglected.15 If island-type growth is occurring, the impacts of limited surface 
diffusivity and the redistribution due to adsorbate sputtering are not included in this model. At present, the exact 
growth mode is unknown. 

The surface coverage model developed for this study is illustrated in Fig. 4. Because the adsorption of multiple 
carbon adlayers must be considered, total surface coverage is given by summing the fractional surface coverages of 
the various adlayers of carbon adatoms, θi: 

 

௖ߠ ൌ෍ߠ௜

ஶ

௜ୀଵ

	. 

(6) 
And surface area fraction not covered by carbon adatoms, θo, is given by: 

Figure 3. Scanning electron photomicrograph of the 
downstream NSTAR accelerator grid at 11.8 cm from the 
center of the grid.12 White areas are molybdenum and gray 
areas are carbon. 
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଴ߠ ൌ 1 െ  .	௖ߠ

(7) 
 

 
Figure 4. Illustration of the surface coverage model developed for this study. 

 The time rate of change of θi is the creation rate of θi per unit area minus the removal rate of θi per unit area 
which is given by: 
 

௢ܰ ∙
௜ߠ݀
ݐ݀

ൌ ܽ݁ݎܽ	ݐ݅݊ݑ	ݎ݁݌	௜ߠ	݂݋	݁ݐܽݎ	݊݋݅ݐܽ݁ݎܥ െ  .	ܽ݁ݎܽ	ݐ݅݊ݑ	ݎ݁݌	௜ߠ	݂݋	݁ݐܽݎ	݈ܽݒ݋ܴ݉݁

 
The fractional coverage of adlayer θi can be increased by either carbon adsorption onto θi-1 or desorption via 
sputtering of θi+1: 
 

஼ߛ ∙ ௜ିଵݏ ∙ ௜ିଵߠ ≡ ݅	ݎ݁ݕ݈ܽ	݋ݐ݊݋	ܾ݀݁ݎ݋ݏ݀ܽ	݉݋ݐܽ݀ܽ	݊݋ܾݎܽܥ െ 1 
 

݆௔
݁
∙ ௜ܻାଵ ∙ ௜ାଵߠ ≡ ݅	ݎ݁ݕ݈ܽ	݉݋ݎ݂	ܾ݀݁ݎ݋ݏ݁݀	݉݋ݐܽ݀ܽ	݊݋ܾݎܽܥ ൅ 1 

 
Here, si is the adsorbate sticking coefficient on adlayer i and Yi is the sputter yield of carbon adlayer i. The fractional 
coverage of adlayer θi can be decreased by either carbon adsorption onto θi or desorption via sputtering of θi: 
 

஼ߛ ∙ ௜ݏ ∙ ௜ߠ ≡  ݅	ݎ݁ݕ݈ܽ	݋ݐ݊݋	ܾ݀݁ݎ݋ݏ݀ܽ	݉݋ݐܽ݀ܽ	݊݋ܾݎܽܥ
 

݆௔
݁
∙ ௜ܻ ∙ ௜ߠ ≡  ݅	ݎ݁ݕ݈ܽ	݉݋ݎ݂	ܾ݀݁ݎ݋ݏ݁݀	݉݋ݐܽ݀ܽ	݊݋ܾݎܽܥ

 
Substituting the creation and removal rates per unit area above into the time rate of change of θi yields for i ≥ 1: 
 

௢ܰ ∙
௜ߠ݀
ݐ݀

ൌ ஼ߛ ∙ ሺݏ௜ିଵ ∙ ௜ିଵߠ െ ௜ݏ ∙ ௜ሻߠ ൅
݆௔
݁
∙ ሺ ௜ܻାଵ ∙ ௜ାଵߠ െ ௜ܻ ∙  ௜ሻߠ

(8) 
and for i = 0 (i.e. along the molybdenum substrate surface): 
 

௢ܰ ∙
଴ߠ݀
ݐ݀

ൌ െߛ஼ ∙ ଴ݏ ∙ ଴ߠ ൅
݆௔
݁
∙ ଵܻ ∙  .	ଵߠ

(9) 
 At equilibrium surface coverage, the fractional surface coverage time rate of change is equal to zero, so:  
 

௖ߠ݀
ݐ݀

ൌ෍
௜ߠ݀
ݐ݀

ஶ

௜ୀଵ

ൌ 0	. 

(10) 
After substituting the equations for dθi/dt into the above equation and rearranging, it can be shown that the fractional 
surface coverage of carbon adsorbate is given by: 

 Mo Substrate 

Carbon 
Adatom ---- i = 9 

---- i = 8 
---- i = 7 
---- i = 6 
---- i = 5 
---- i = 4 
---- i = 3 
---- i = 2 
---- i = 1 
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௖ߠ ൌ
∑ ቈ൬

݁ ∙ ஼ߛ
݆௔

൰
௜

∙ ∏
௞ିଵݏ

௞ܻ

௜
௞ୀଵ ቉ஶ

௜ୀଵ

1 ൅ ∑ ቈ൬
݁ ∙ ஼ߛ
݆௔

൰
௜

∙ ∏
௞ିଵݏ

௞ܻ

௜
௞ୀଵ ቉ஶ

௜ୀଵ

	. 

(11) 
This equation includes a series summation to infinity, which complicates numerical evaluation. However, this 
summation to infinity can be eliminated by noting that for i ≥ imax adlayers, carbon adlayer sputter yield and sticking 
are equivalent to that of bulk carbon and are, therefore, constant (i.e. Yi = YC and si = sC , respectively, for i ≥ imax).  
It can, therefore, be shown that the fractional surface coverage of carbon adsorbate is given by: 
 

௖ߠ ൌ

ቀ∏ ஼ܻ ∙ ௞ିଵݏ
஼ݏ ∙ ௞ܻ

௜೘ೌೣିଵ
௞ୀଵ ቁ ∙ ቐ

1

1 െ
݁ ∙ ஼ߛ ∙ ஼ݏ
݆௔ ∙ ஼ܻ

െ ∑ ൬
݁ ∙ ஼ߛ ∙ ஼ݏ
݆௔ ∙ ஼ܻ

൰
௜

௜೘ೌೣିଵ
௜ୀ଴ ቑ ൅ ∑ ቈ൬

݁ ∙ ஼ߛ
݆௔

൰
௜

∙ ∏
௞ିଵݏ

௞ܻ

௜
௞ୀଵ ቉௜೘ೌೣିଵ

௜ୀଵ

1 ൅ ቀ∏ ஼ܻ ∙ ௞ିଵݏ
஼ݏ ∙ ௞ܻ

௜೘ೌೣିଵ
௞ୀଵ ቁ ∙ ቐ

1

1 െ
݁ ∙ ஼ߛ ∙ ஼ݏ
݆௔ ∙ ஼ܻ

െ ∑ ൬
݁ ∙ ஼ߛ ∙ ஼ݏ
݆௔ ∙ ஼ܻ

൰
௜

௜೘ೌೣିଵ
௜ୀ଴ ቑ ൅ ∑ ቈ൬

݁ ∙ ஼ߛ
݆௔

൰
௜

∙ ∏
௞ିଵݏ

௞ܻ

௜
௞ୀଵ ቉௜೘ೌೣିଵ

௜ୀଵ

 

(12) 
for ja	൐	

e∙γC∙sC
YC

, and: 

 
௖ߠ ൌ 1 

(13) 
for ja	൑	

e∙γC∙sC
YC

. Here, the series summation to infinity was eliminated with the use of a power series expansion. 

A value of interest from the above equations is the accelerator current density at the transition from net erosion to 
net carbon deposition. At this transition, there is complete carbon adsorbate surface coverage, so θc = 1. It can be 
shown that θc → 1 as: 
 

1 െ
݁ ∙ ஼ߛ ∙ ஼ݏ
݆௔ ∙ ஼ܻ

→ 0	. 

(14) 
The resulting ion current density is given by: 
 

݆௔ି௧௥௔௡௦ ൌ
݁ ∙ ஼ߛ ∙ ஼ݏ

஼ܻ
	. 

(15) 
Here, ja-trans is the accelerator ion current density where transition from net erosion to net deposition occurs. This 
equation shows that the transition is a function of bulk carbon sputter yield and adsorbate sticking coefficient, 
indicating that the surface is made up of multiple carbon adlayers at complete surface coverage. 

The fractional surface coverage from Eq. (12) is the more rigorous model used in this study. It accounts for the 
multiple carbon adlayers prior to complete substrate surface coverage with the aforementioned assumptions. 
However, this more rigorous model requires knowledge of more terms than that of the original NSTAR analysis. 
While the NSTAR analysis model required knowledge of γC, ja, and YC-Mo, this new model also requires knowledge 
of: 

1. adlayer sputter yields Yi between Y1 (= YC-Mo) and Yi ≥ imax (= YC); 
2. carbon adsorbate sticking coefficients sMo and sC; 
3. carbon adlayer sticking coefficients si between s0 (= sMo) and si ≥ imax (= sC); and 
4. imax for both sputter yield and sticking coefficient. 

The next section will define these model inputs. 

C. Model Inputs 
The following sections will discuss how some carbon surface coverage model inputs were determined. This 

includes the determination of adsorbate sputter yields, adsorbate sticking coefficients, and accelerator ion current 
densities in the pit and groove erosion pattern. 
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1. Adsorbate Sputter Yields 

Reference 12 included measurements of sputter yields of a single monolayer of carbon adsorbate on a 
molybdenum substrate with xenon ions (i.e. Y1 = YC-Mo). As discussed by Polk et al., there was some concern that 
their study’s measured sputter yields with xenon required a surface binding energy to match their theoretical 
predictions that was too low.12 Since that study, these sputter yields were re-measured by Ho et al. with the results 
being nearly identical to those of the original study.12,18  In addition, the Sigmund and Winters theoretical model 
used in Ref. 12 was reviewed by this author and updated with more recent sputter yields, reflection coefficients, and 
screening potentials for elastic collisions. The resulting theoretical predictions required unrealistically high surface 
binding energies for favorable comparisons with measurements, indicating that this theoretical model should not be 
used to draw conclusions about surface binding energy magnitudes. So, for this study, sputter yields of a single 
monolayer of carbon adsorbate on a molybdenum substrate with xenon ions were those measured by Ho et al. and 
extrapolated to the lower xenon ion energies of interest in this study.18 

The sputter yield of bulk carbon graphite (i.e. YC) was used to define the carbon adlayer sputter yields (i.e. Yi) 
for i ≥ imax. These sputter yields were determined by curve-fitting the carbon sputter yield measurements of Ref. 19 
as a function of xenon ion energy.  

Thin film sputter yield measurements were used to estimate the number of adlayers required for the carbon 
adsorbate sputter yield to equal that of bulk carbon (i.e. imax). Anderson and Bay found that reliable bulk sputter 
yields could be measured when film thicknesses were ≥ ½ of the projectile range.20 The projectile range, Ri, is the 
total path length of a bombarding ion in a solid material and is given by:21 

 

ܴ௜ ൌ െන
ܧ݀

ቀ
ܧ݀
ቁ௡ݔ݀

൅ ቀ
ܧ݀
ቁ௘ݔ݀

଴

௏೎೐ೣ

	. 

(16) 
Here, Vcex is the ion energy and (dE/dx)n and (dE/dx)e are the nuclear (or elastic) and electronic (or inelastic) 
stopping powers of a xenon projectile in a carbon target. These stopping powers are defined in Ref. 21 using a 
Ziegler, Biersack, and Littmark screening potential. The stopping powers also require a density for the carbon 
adsorbate. The density of graphite is 2.25 gm/cm3, and this density was found to be consistent with the quartz crystal 
microbalance mass and post-test thickness measurements for the NSTAR LDT.12 However, carbon films from the 
accelerator grid downstream surface were thicker due to enhanced porosity with a corresponding density of 1.35 
gm/cm3.12 This latter carbon density was used to determine adsorbate stopping powers. The number of adlayers 
required for the carbon adsorbate sputter yield to equal that of bulk carbon, imax, is given by: 
 

݅௠௔௫ ൌ
ܴ௜

2 ∙ ൬3.35	 ൈ 10ିଵ଴݉ ∙
2.25 ൈ 10ଷ	݇݃/݉ଷ

1.35	 ൈ 10ଷ	݇݃/݉ଷ൰
	. 

(17) 
Here, an average adlayer thickness of half of the lattice parameter perpendicular to hexagonal plane of a graphite 
lattice (i.e. 3.35x10-10 m) was conservatively assumed and this dimension is further modified with the lower carbon 
density deposited on the NSTAR grid. For the range of xenon ion energies investigated in this study, the number of 
adlayers required for the carbon adsorbate sputter yield to equal that of bulk carbon was estimated to be about 3 (i.e. 
imax ≈ 3). 

Thin film sputter yield measurements were also used to estimate how sputter yields vary as a function of adlayer 
number for 1 ≤ i ≤ imax (i.e. Yi between YC-Mo and YC). Anderson and Bay measured sputter yield variations of thin 
gold films on a beryllium substrate as a function of film thickness for thicknesses less than < ½ the projectile 
range.20 Their results showed that the sputter yield varies approximately linearly as a function of adsorbate 
thickness. Therefore, Yi was assumed to vary linearly from YC-Mo to YC for 1 ≤ i ≤ imax for this study. 

 
2. Sticking Coefficient 

Sputtered particles are known to be eroded with kinetic energies that follow a Sigmund-Thompson energy 
distribution function.21 For a carbon target eroded by xenon ions, eroded particle energies range from zero to 31 
percent of the bombarding ion’s kinetic energy with the most probable energy being half of the carbon surface 
binding energy (i.e. about 3.7 eV).21,22 For back-sputtered carbon to be either physisorbed or chemisorbed onto the 
molybdenum substrate or a carbon adlayer, the back-sputtered carbon’s energy normal to surface must first be 
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dissipated via elastic collisions with surface atoms. If the back-sputtered carbon collides with carbon adlayers, the 
full kinetic energy of the eroded carbon projectile can be elastically transferred in a single collision. However, if 
back-sputtered carbon collides with the molybdenum substrate, a maximum of only 40 percent of the carbon 
projectile’s kinetic energy can be elastically transferred in a single collision. Because the back-sputtered carbon 
particle’s energy can be large, and in the case of the molybdenum substrate, its energy transfer via collisions is 
inefficient, back-sputtered carbon reflection can be significant. The fractional number of reflected carbon particles is 
given by RN, and therefore, the sticking coefficient is given by s = 1 – RN. 

Modeling results from Joh, et al. were used to determine the reflection coefficients for a carbon projectile on 
molybdenum and carbon targets.23 That study yielded reflection coefficients of ~ 0.4 and < 0.07 for a carbon 
projectile on molybdenum and carbon targets, respectively, for the energy range of interest in this study. But that 
study assumed that reflected particles with a reflected energy of ≤ 1 eV were adsorbed by the surface.23 A more 
appropriate energy would have been the anticipated chemisorption energy, which would have resulted in a lower 
reflection coefficient. In an attempt to correct these results for this higher chemisorption energy, the reflection 
coefficients were integrated over the full Sigmund-Thompson energy distribution range so that projectiles with an 
energy less than or equal to a conservatively assumed energy of 7.4 eV (i.e. the surface binding energy of carbon)22 
were not reflected, but those with a higher energy retained the aforementioned reflection coefficients. The resulting 
sticking coefficients for a carbon projectile were estimated to be sMo ≈ 0.7 for a molybdenum target and sC ≈ 1.0 for 
a carbon target for the full range of energies examined in this study. 

Finally, the sticking coefficient at the accelerator grid surface was conservatively assumed to immediately 
transition from sMo to sC with the first adlayer of carbon (i.e. s0 = sMo and si ≥ 1 = sC for carbon sticking) for this study. 

 
3. Average Accelerator Current Density 

In this study, an average accelerator current density in the pit and groove erosion pattern was estimated using the 
equation below, which is similar to that used in Ref. 12: 
 

݆௔ ൌ ݆௕ ∙
௔ܬ െ ௔௪ܬ

௕ܬ
∙

௢ܣ݀
௘௥௢ௗ௘ܣ݀

	. 

(18) 
Here, jb is the beam current density along the grid surface, Ja is the accelerator current, Jaw is the accelerator current 
collected at the accelerator aperture walls, Jb is the beam current, and dAerode/dAo is ratio of the pit and groove 
eroded area to the hexagon area surrounding single aperture. Note that Ja – Jaw represents the total grid current 
collected at the pit and groove erosion site and that the area surrounding a single aperture is a hexagon because of 
the hexagonal aperture pattern used for the grids.  

For this study, Ja and Jb were averages of the measured values during operation at a particular operating 
condition. The current Jaw was determined using the ion optics code developed in Ref. 24. The ratio dAerode/dAo was 
determined from pit and groove erosion measurements.  

Finally, the beam current density along the grids (i.e. jb) was rigorously determined using measured downstream 
beam current densities and an algorithm developed by this author that is similar to that of Refs. 6 and 24. For this 
algorithm, the ion optics code of Ref. 24 is used to develop an empirical equation for the emitted beam current 
density per steradian as a function of beamlet current along the grid for a given set of grid potentials. Equations were 
developed for predicting the radial downstream beam current density profile from the spherically-domed grid 
surface. These equations treat individual beamlets as point sources and assume a direct line-of-sight transmission 
(i.e. beam ion deflection by downstream potential gradients is neglected). These equations also account for the 
current emitted by every aperture and for probe area effects, which are important for beam current density 
measurements close to the thruster grid. The beamlet current distribution along the spherically-domed grid must be 
integrated to predict the downstream beam current density. However, the downstream beam current density is an 
algorithm input, so a program was developed to iteratively determine the beamlet current distribution along the grid 
surface. The beam current density along the grid is just the beamlet current divided by the hexagonal area 
surrounding an aperture. 

A sample output of the aforementioned algorithm is shown in Fig. 5 for the NEXT LDT thruster operating at full 
power. As shown in the figure, the planar probe measurement 2.0 cm downstream of the grids was used to predict 
the beam current density along the grid surface. Because the NEXT LDT is also equipped with planar probes located 
17.3 cm and 23.8 cm downstream, these can be used to check the algorithm. The results, shown in Fig. 6, 
demonstrate the algorithm’s ability to predict these downstream beam current density profiles.  
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III. Evaluation of Analysis Improvements Using the NSTAR LDT 
The objective of this section is to evaluate the improvements made to the analysis and determine sensitivities to 

the model inputs. This is done by applying the improved analysis approach to the NSTAR LDT. The first section 
describes test-specific inputs to the analysis. The section thereafter presents and discusses the results of the analysis. 

A. NSTAR LDT Analysis Inputs 
Test-specific model inputs have to be determined to apply the improved analysis to the NSTAR LDT. During the 

this test, a NSTAR ion thruster was operated at full power throughout the 8,192 h test.11,12 The NSTAR LDT 
vacuum facility was internally lined with graphite panels to reduce facility material back-sputtering. The back-
sputter rate was measured with a quartz crystal microbalance located next to the thruster and confirmed with post-
test film thickness measurements. The back-sputter rate of carbon was determined to be 0.7 μm/kh, which 
corresponded to a carbon flux of 2.19x1012 atoms/cm2·s.12  

The average beam and accelerator currents were 1.76 A and 6.78 mA, respectively.12 An ion optics code was 
used to determine that only 0.96 mA of accelerator current was collected on the accelerator aperture barrels,24 which 
is significantly less than the 3.7 mA estimate in the original NSTAR analysis.12 The original NSTAR analysis 
determined this accelerator current split by using a simple ratio of the measured mass losses from the accelerator 
grid erosion sites. However, this incorrectly assumes that charge exchange ions that impact aperture barrel walls 
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have the same average energy and sputtering angle of incidence as those of the pit and groove sites. Charge 
exchange ions that impact the accelerator barrels are created within inter-grid region and have higher average 
energies and sputter the barrel walls at higher angles of incidence than those of the pit and groove erosion sites.25,26 
Finally, the ratio dAerode/dAo was inferred from Ref. 12 to be 0.312, and this was constant across the accelerator grid. 

The beam current density, shown in Fig. 7, was measured with a planar probe located 2.5 cm downstream of the 
grid. Also shown in the figure is the current density along the grid, which was determined by the algorithm of this 
study. The average accelerator grid current density in the pit and groove erosion pattern from Eq. (18) is shown in 
Fig. 8. Note that these current densities are nearly twice those of Ref. 12, and this is primarily due to that study’s 
inaccurate accelerator current split. The maximum accelerator current density, ja-max, was 64 μA/cm2 at the center of 
the grid. The maximum accelerator current density is important because its corresponding location on the grid is 
where failure due to pit and groove erosion would be expected to occur.  

 

 
 

 
The charge exchange ions that erode the pit and groove erosion site are assumed to be created downstream of the 

accelerator grid sheath, so that they impact this erosion site with a potential, Vcex given by: 
 

௖ܸ௘௫ ൎ | ௔ܸ| ൅ ห ௚ܸห ൅ ௕ܸ௘௔௠	. 
(19) 
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Here, Va is the accelerator power supply voltage (i.e. -180 V for the NSTAR LDT), Vg is the coupling voltage (i.e. -
15 V for the NSTAR LDT), and Vbeam is the beam plasma potential, which is assumed to be 5 V throughout this 
study. So, charge change ions are assumed to erode the pit and groove erosion site with a 200 V potential for the 
NSTAR LDT. The resulting sputter yields for a single carbon monolayer on molybdenum (i.e. YC-Mo) and bulk 
carbon (i.e. YC) were 0.99 and 0.040, respectively. 

The transition from net erosion to net deposition was measured post-test to be at a radial location of 11.8 cm.12 
This corresponded to a transition accelerator current density of 17 μA/cm2. As will be shown in the next section, this 
transition current density can be used, in part, to check the analysis. 

B. NSTAR LDT Results and Discussions 
Results from the improved analysis are shown in Fig. 9 along with NSTAR analysis results for comparison. Note 

that the only difference between the analyses in this figure is the surface coverage model. The improved analysis 
utilizes Eqs. (12) and (13) while the NSTAR analysis utilizes Eq. (5). The figure also includes the maximum and 
transition accelerator current densities determined in the prior section. Figure 9 illustrates that the improved analysis 
net-to-bulk molybdenum sputtering ratio exhibits a steep drop with decreasing current density near the predicted 
transition. The NSTAR analysis exhibited a more gradual decrease with decreasing current density. The improved 
analysis shows that for current densities greater than the transition current density, the impact of back-sputtered 
carbon on the pit and groove wear rate is insignificant. Or, put differently, the impact of back-sputtered carbon on 
the pit and groove wear rate is insignificant at the net erosion sites. 

 

 
Figure 9 also illustrates that the improved analysis predicts the transition current density considerably more 

accurately than the NSTAR analysis. The measured transition current density is 1.9 times the improved analysis 
prediction, but is 47 times the NSTAR analysis prediction. Possible causes for the remaining discrepancy between 
improved analysis’ prediction and the measured transition current density include the following: 

1. The bombarding ion potential determined by Eq. (19) is too high, leading to a high sputter yield. Charge-
exchange ions that bombard the pit and groove erosion site have an energy distribution with a maximum of 
Vcex. Though an ion optics code confirmed this,24 code results showed that this error only accounts for 
about a tenth of the discrepancy. 

2. The bulk carbon sputter yield used in this study may be incorrect. Bulk carbon sputter yield measurements 
for xenon at 200 V range from 0.024 to 0.090.27 This study used a yield of 0.040, and this may have been 
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Figure 9. The ratio of net-to-bulk molybdenum sputter yield as a function of 
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NSTAR analyses. The input values for the improved analysis were: YC-Mo = 
0.99, YC = 0.040, imax = 3, and sMo = 0.7. 
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too high.19 In addition, the porous surface may be affecting this yield. This porous surface could have led to 
increased re-deposition, leading to an overall reduction in sputter yield.20 

3. A poor assumption or error in the determination of the transition accelerator current density may be 
contributing to the discrepancy. For example, Fig. 8 shows that the radial location for this transition (i.e. 
11.8 cm) occurs where the accelerator current density was changing significantly as a function of radius. 
This could have introduced error in the measured transition accelerator current density. 

4. A poor assumption used for the carbon surface coverage model may be contributing to the discrepancy. For 
example, the surface coverage model is a simple 1-dimensional model. However, there may be 2- and 3-
dimensional effects, such as buildup of carbon deposition surrounding the pits and grooves, that are leading 
to a local increase in carbon flux to the erosion site. This would lead to a higher transition current density. 

Figure 10 illustrates the sensitivity of the new carbon surface coverage model of Eqs. (12) and (13) to the model 
inputs Y1, imax, and s0. Figure 10 shows that increasing Y1 from an unrealistically low value of YC (i.e. 0.040) to YC-

Mo (i.e. 0.99) and imax from 2 to 3 causes the ratio of net-to-bulk molybdenum to exhibit a significantly steeper drop 
with decreasing current density. Decreasing s0 from 1 to sMo (i.e. 0.7) had a similar effect, but it was not as 
pronounced as that from the other inputs. This is an indication that the first carbon adlayer (i.e. θ1) is dictating the 
shape of the curve. This is further demonstrated in Fig. 11 for the fractional surface coverages of the various 
adlayers as a function of accelerator current density. The first adlayer dominates the total carbon surface coverage 
for much of the current density range. It is only near the transition current density that the surface coverages of the 
subsequent adlayers impact the shape of the total surface coverage profile. Figure 11 shows that at the transition 
current density, the surface coverage of the adlayers displayed decrease abruptly because of rapid adlayer buildup 
due to decreased desorption via sputtering. 
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Figure 12 shows the ratio of net-to-bulk molybdenum sputtering from Fig. 9 at the transition current density 

more clearly. The figure shows two solutions. The “unlatched” solution uses Eq. (19) to determine Vcex (i.e. 200 V). 
The “latched” solution uses the measured transition current density to determine Vcex (i.e. 149 V) and represents a 
conservative estimate because the reduced ion energy decreases YC-Mo, which may not be occurring here. For either 
solution, however, Fig. 12 shows that the impact of back-sputtered carbon on pit and groove erosion for the NSTAR 
LDT was negligible throughout most of eroded grid radius. 
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IV. Application of the Improved Analysis to the NEXT LDT 
The improved analysis was used to estimate the impact of back-sputtered carbon on the accelerator grid pit and 

groove wear rate of the NEXT LDT. The first section describes test-specific inputs to the analysis. The section 
thereafter presents and discusses the results of the analysis. 

Unlike the NSTAR analysis, the NEXT LDT analysis is more challenging because the thruster was operated for 
extended durations at various operating conditions as shown in Table 1 below. In addition, the test is ongoing, so 
direct measurements of back-sputtered carbon film thicknesses and grid wear cannot be made. As a result, the 
NEXT LDT estimates presented herein are considered preliminary until the results of future post-test measurements 
are incorporated. The following analyses will estimate the impact of back-sputtered carbon on the accelerator grid 
wear for all extended operating conditions during the NEXT LDT.  
 
Table 1. Thruster operating conditions, durations, and propellant throughput during the NEXT LDT in chronological 
order.  

Operating 
Conditiona 

Segment 
Duration, h

Post-Segment 
Duration, h

Segment 
Throughput,b kg

Post-Segment 
Throughput,b kg

3.52 A, 1800 V 13,042 13,042 264.7 264.7 
3.52 A, 1179 V 6,478 19,520 132.6 397.3 
1.20 A, 679 V 3,411 22,931 26.7 424.0 
1.00 A, 275 V 3,198 26,129 23.4 447.4 

1.20 A, 1800 V 3,111 29,240 24.5 471.9 
3.52 A, 1800 V 20,265c 49,505c 415.9c 887.8c 

  aBeam current and beam power supply voltage. 
  bXenon propellant. 
  cAs of August 8, 2013. 

A. NEXT LDT Analysis Inputs 
The NEXT LDT vacuum facility was internally lined with graphite panels to reduce facility material back-

sputtering, and the back-sputter rate was measured with a quartz crystal microbalance located next to the 
thruster.28,29  Although the quartz crystal microbalance failed during the first full power test segment, measurements 
made during regularly scheduled performance tests were used to determine the back-sputter rates for the operating 
conditions of Table 1. The resulting estimated carbon back-sputter rates are shown in Table 2.  
 
Table 2. NEXT LDT back-sputter rates, average measured accelerator currents, modeled aperture wall currents, and 
eroded area ratios for all operating conditions. 

Operating 
Conditiona 

Back-sputter 
Rate, μm/khb 

Average 
Accelerator 

Current (Ja), mA

Accelerator 
Barrel Current 

(Jaw),c mA

Eroded Area 
Ratio 

(dAerode/dAo)
d 

3.52 A, 1800 V 3.00 14.0 0.92 0.278 
3.52 A, 1179 V 1.70 14.4 3.51 0.233 
1.20 A, 679 V 0.35 2.35 0.30 0.205 
1.00 A, 275 V 0.38 2.21 0.50 0.223 

1.20 A, 1800 V 1.28 2.47 0.07 0.174 
3.52 A, 1800 V 3.00 13.4 0.92 0.278 

  aBeam current and beam power supply voltage. 
  bAssumes a carbon density of 2.25 gm/cm3. 
  cUsing the ion optics code of Ref. 24. 
  dAssumed constant throughout the grid. 
 

Also shown in Table 2 are the average measured accelerator currents and the modeled current collected at the 
aperture barrel walls at each operating condition. The eroded area ratio, dAerode/dAo, was determined with images of 
the center accelerator aperture, a sample of which is shown in Fig. 1. Net erosion site areas were measured from the 
images taken at the end of each test segment. This eroded area was assumed to be constant throughout the grid. The 
resulting eroded area ratios are also listed in Table 2. 
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For the NEXT LDT, beam current densities were measured, in part, with a planar probe located 2.0 cm 
downstream of the accelerator grid. An example of a beam current density profile at full power is shown in Fig. 5. 
These measurements were used to determine the beam current density along the grid using the algorithm discussed 
earlier. The resulting profiles were then used with the results of Table 2 to determine the average accelerator current 
density in the pits and grooves along the grid using Eq. (18). The resulting accelerator current density profiles are 
shown in Fig. 13 for the different operating conditions. The slight difference for the two full power profiles is due to 
the accelerator current difference in Table 2. Figure 13 shows that the maximum accelerator current density was off-
center and typically located at a radial location of about -7 cm. The maximum accelerator current density for each 
operating condition is listed in Table 3. 
 

 
 
Table 3. NEXT LDT net erosion to net deposition transition radial locations and accelerator current densities, and 
maximum accelerator current densities for all operating conditions. 

Operating 
Conditiona 

Transition 
Radius, cmb 

Transition 
Accelerator 

Current Density 
(ja-trans), μA/cm2

Maximum 
Accelerator 

Current Density 
(ja-max), μA/cm2 

3.52 A, 1800 V 10.4 47.4 51.2 
3.52 A, 1179 V 11.1 47.0 51.0 
1.20 A, 679 V 9.5 12.1 13.8 
1.00 A, 275 V 11.1 8.88 10.5 

1.20 A, 1800 V 6.8 16.5 19.0 
3.52 A, 1800 V 11.9 44.9 49.2 

     aBeam current and beam power supply voltage. 
     bPositive radial locations only. 
 

The transition from net erosion to net deposition for each operating condition was determined from far-field 
thruster images taken with a high magnification zoom lens. A sample image taken at the end of the first full power 
test segment is shown in Fig. 14. The resolution of these images was sufficient to discern individual apertures and 
their surrounding erosion pattern. The radial location for transition from net erosion to net deposition was 
determined from images taken at the end of each operating condition, and the corresponding transition accelerator 
current density determined with the results of Fig. 13. The transition radial location and current density for each 
operating condition are listed in Table 3. 
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Figure 13. Average accelerator current density in the pits and grooves as a
function of radius for all NEXT LDT operating conditions. 
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The charge exchange ion energy, Vcex, was determined using two methods. For the first method, the energy was 

determined with Eq. (19) using accelerator voltage settings and average coupling voltages measured during each 
operating condition. The resulting values using this energy are termed “unlatched.” For the second method, the 
measured transition current densities listed in Table 3 were used to determine Vcex using Eq. (15). The resulting 
values from this method are termed “latched” and represent a conservative result. The unlatched and latched ion 
energies and the resulting sputter yields are listed in Table 4 for all operating conditions. 
 
Table 4. NEXT LDT unlatched and latched ion energies and the resulting sputter yields for all operating conditions. 

Operating 
Conditiona 

Unlatched Values Latched Values 
Ion Energy, eV

 
YC-Mo

b YC
c Ion Energy, eV YC-Mo

b YC
c

3.52 A, 1800 V 225 1.09 0.050 177 0.91 0.032 
3.52 A, 1179 V 215 1.05 0.046 141 0.79 0.018 
1.20 A, 679 V 129 0.75 0.014 131 0.76 0.015 
1.00 A, 275 V 364 1.88 0.11 142 0.79 0.019 

1.20 A, 1800 V 225 1.09 0.050 196 0.98 0.039 
3.52 A, 1800 V 226 1.10 0.050 182 0.93 0.034 

 aBeam current and beam power supply voltage. 
 bExtrapolated sputter yields from Ref. 18. 
 cInterpolated and extrapolated sputter yields from Ref. 19. 

B. NEXT LDT Results and Discussions 
A sample result is plotted in Fig. 15 for the first full power test segment. As with the NSTAR LDT results, the 

improved analysis under-predicts the transition accelerator current density, so a latched, conservative solution is 
shown as well. A comparison of Figs. 15 and 12 shows that the net eroded accelerator current density range (i.e. the 
current densities between transition and maximum) is smaller for the NEXT LDT at full power than that for the 
NSTAR LDT. This occurred for two reasons. First, the carbon back-sputter rate was much higher in NEXT LDT 
than that for the NSTAR test. At full power, the NEXT back-sputter rate was over four times that of the NSTAR 
test, and this was due to the higher beam currents and voltages of the NEXT thruster. Second, the NEXT thruster has 
a much flatter beam current density profile. As a direct result, the accelerator current density across the grid does not 
vary as much for the NEXT thruster (see Fig. 13) as it does for the NSTAR thruster (see Fig. 8). Regardless, Fig. 15 

Figure 14. NEXT LDT far-field image showing the net
erosion and net deposition areas along the accelerator
grid. The image was taken at 13,042 h following the first
full power test segment. 
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does illustrate that the impact of carbon back-sputtering for the NEXT LDT is not significant at the maximum 
accelerator current density, which is where first failure would be expected to occur. 

 

 
Table 5 compares the predicted transition accelerator current densities using unlatched ion energies with those 

determined from measurements in Table 3. The table shows that the disparities were less than the 47 percent 
disparity of the NSTAR LDT comparison except for two cases. But these two larger disparities had two common 
attributes. First, operation during that operating condition required the removal of net carbon deposition. Second, the 
predicted transition accelerator current density was so low that net carbon deposition had to be removed from the 
entire perforated grid. The duration at these operating conditions was likely insufficient to remove so much net 
carbon deposition, and this led to the larger disparities. 
 
Table 5. NEXT LDT predicted and measured transition accelerator current densities for all operating conditions. 

Operating 
Conditiona 

Transition 
Radius, cm 

Transition Accelerator Current 
Density (ja-trans), μA/cm2 Disparity, % 

Predicted Measured
3.52 A, 1800 V 10.4 30.2 47.4 36 
3.52 A, 1179 V 11.1 18.6b 47.0 60c 
1.20 A, 679 V 9.5 12.7 12.1 -5.2 
1.00 A, 275 V 11.1 1.6 b 8.88 82c 

1.20 A, 1800 V 6.8 12.9 16.5 21 
3.52 A, 1800 V 11.9 30.1 44.9 33 

  aBeam current and beam power supply voltage. 
  bPositive radial locations only. 
  cPredicted transition current density requires removal of net carbon deposition from entire perforated grid. 
 

The impact of back-sputtered carbon on the pit and groove erosion rate of the downstream accelerator grid is 
listed in Table 6 for all operating conditions. Shown in the table are the unlatched and the more conservative latched 
results. The results are evaluated at the maximum accelerator current densities because this is where first failure 
would be expected to occur. The table shows that the worst-case impact of carbon back-sputtering was the full 
power operating condition. However, the maximum impact of back-sputtered carbon was only a four percent 
reduction in pit and groove erosion rate. As a result, back-sputtered carbon is estimated to have an insignificant 
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impact on the first failure mode of the NEXT LDT at all operating conditions. The results of this analysis will be 
updated with the results of future post-test measurements. 

 
Table 6. NEXT LDT unlatched and latched net-to-bulk molybdenum sputter yield for all operating conditions. 

Operating 
Conditiona 

YMo
net/YMo at ja-max 

Unlatched Vcex Latched Vcex 
3.52 A, 1800 V 0.979 0.960
3.52 A, 1179 V 0.988 0.978
1.20 A, 679 V 0.984 0.985b

1.00 A, 275 V 0.994 0.983
1.20 A, 1800 V 0.975 0.965
3.52 A, 1800 V 0.978 0.961

       aBeam current and beam power supply voltage. 
       bThe latched ion energy was higher than the unlatched energy, so the  
        latched result is more conservative for this operating condition. 

V. Conclusions 
Accelerator grid wear rates are affected by two competing facility-induced effects: facility background pressures 

that enhance grid wear rates and facility back-sputtered material that reduces grid wear rates. A study was conducted 
to quantify the impact of back-sputtered carbon on the downstream accelerator grid erosion rates of the NEXT LDT. 
A similar analysis that was conducted for the NSTAR LDT was used as a foundation for the improved analysis 
developed herein. The general model for the impact of back-sputtered carbon on accelerator grid wear rate was the 
same as that developed for the NSTAR LDT, where it was conservatively assumed that any carbon surface coverage 
eliminates molybdenum substrate sputtering. An investigation of the likely adsorbate growth modes revealed there 
are multiple carbon adlayers before complete surface coverage is achieved. As a result, any carbon surface coverage 
model must account for these multiple carbon adlayers. A more rigorous carbon surface coverage model was 
developed using a model that was originally used to describe the physisorption of additional gas adlayers on a 
chemisorbed adlayer. The resulting model requires knowledge of more model inputs, so they were conservatively 
estimated using the results of past thin film sputtering studies and particle reflection predictions. In addition, 
accelerator current densities along the grid were rigorously determined using an ion optics code to determine 
accelerator current distributions and an algorithm that was developed to determine beam current densities along the 
grid using downstream density measurements. 

The improved analysis was applied to the NSTAR LDT results for evaluation. Model inputs were rigorously 
defined. Afterwards, the improved analysis was applied to the NSTAR test. The net-to-bulk molybdenum sputtering 
ratio of the improved analysis exhibited a steep drop with decreasing current density near the predicted transition 
accelerator current density. The original NSTAR analysis exhibited a more gradual decrease with decreasing current 
density. The new analysis shows that the impact of back-sputtered carbon on the pit and groove wear rate is 
insignificant at the net erosion sites throughout most of the grid. The improved analysis was found to predict the 
transition current density considerably more accurately than the original NSTAR analysis. Causes for the remaining 
discrepancy included incorrect bombarding ion energies or bulk carbon sputter yields, accelerator current density 
determination errors, and a potentially poor surface coverage model assumption. To conservatively account for the 
transition current density discrepancy, a “latched” solution was developed that used the measured transition current 
density to determine bombarding ion energy. Results showed that the impact of back-sputtered carbon on pit and 
groove wear rate of the NSTAR LDT was negligible throughout most of eroded grid radius. 

The improved analysis was then used to estimate the impact of back-sputtered carbon on the accelerator grid pit 
and groove wear rate of the NEXT LDT. Unlike the NSTAR analysis, the NEXT LDT analysis was more 
challenging because the thruster was operated for extended durations at various operating conditions, and the 
thruster was unavailable for measurements because the test is ongoing. As a result, the NEXT LDT estimates 
presented herein are considered preliminary. Model inputs were defined for every operating condition, and the 
improved analysis was then applied to each condition. NEXT LDT back-sputter rates were higher and accelerator 
current density variations across the grid were smaller, so the net eroded accelerator current density range was 
smaller than that for the NSTAR LDT. Disparities between predicted and measured accelerator transition current 
densities were typically less than the 47 percent disparity of the NSTAR LDT comparison. The impact of back-
sputtered carbon on pit and groove wear rate was evaluated at the maximum accelerator current densities because 



 
The 33st International Electric Propulsion Conference, The George Washington University, USA 

October 6 – 10, 2013 
 

21

this is where first failure would be expected to occur. The maximum impact of back-sputtered carbon was only a 
four percent reduction in pit and groove erosion rate. As a result, back-sputtered carbon is estimated to have an 
insignificant impact on the first failure mode of the NEXT LDT at all operating conditions. These preliminary 
estimates will be updated with the results of future post-test measurements. 
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