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The results of a wear test on a 100-A LaB6 hollow cathode are presented as verification of a 
technique to mitigate keeper erosion caused by sputtering from anomalously high-energy ions.  
The ions responsible for this erosion have been theorized to result from the onset ion acoustic 
turbulence in the plume of the cathode.  The proposed technique to minimize the erosion relies 
on identifying operating conditions where the energy of the ion acoustic turbulence is low.   
100 hour wear tests are conducted on a high-current hollow cathode with a molybdenum 
keeper at three operating conditions:  two with low turbulence levels and one with high 
turbulence levels. It is demonstrated that the keeper exhibits low levels erosion (at a peak 
erosion rate of around 0.035 um/hour) that can be explained by classical mechanisms at the 
low turbulence states, and anomalously high sputtering (at a peak erosion rate of .07 um/hour) 
at the high erosion state.  
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Nomenclature 
𝑎𝑎𝐿𝐿  = Lindhard screening length, Å 
𝐸𝐸  = ion energy, eV 
𝐸𝐸𝑡𝑡ℎ  = threshold energy and fit parameter, eV 
𝑓𝑓(𝐸𝐸)  = ion energy distribution function 
𝑚𝑚𝑖𝑖  = mass of xenon ion, kg 
𝑀𝑀1  = mass of projectile particle (xenon ion), amu 
𝑀𝑀2  = mass of target particle (molybdenum), amu 
𝑛𝑛𝑖𝑖  = ion density, m-3 

𝑠𝑠𝑛𝑛𝐾𝐾𝐾𝐾𝐾𝐾  = Kr-C potential nuclear stopping cross section 
𝑠𝑠𝑛𝑛𝑇𝑇𝑇𝑇  = Thomas-Fermi nuclear stopping cross section 
𝑞𝑞  = elementary charge, C 
𝑍𝑍1  = atomic number of projectile particle (xenon ion)  
𝑍𝑍2  = atomic number of target particle (molybdenum) 
𝛼𝛼  = energy-independent function  
𝛽𝛽  = fit parameter  
𝜖𝜖  = reduced energy 
𝜀𝜀𝑇𝑇  = erosion rate, um hour-1 

𝜂𝜂  = fit parameter  
𝛾𝛾  = sputter yield, atoms ion-1 

𝜙𝜙𝑖𝑖  = ion flux, ion m-2 s-1 

 

 

I. Introduction 
The increasing scope and scale of the next-generation of proposed deep-space NASA missions, such as the Asteroid 
Redirect Mission, has led to a pressing need to develop higher-power electric propulsion systems with longer life.   
On the proposed timescales for these missions (> 2 years), however, a number of erosion processes can lead to 
failure modes.18,19 The erosion of the hollow cathode keeper is one of the most problematic of these modes—
particularly when operated at high currents.  Indeed, in the only long-term wear test do date on a high-current 
cathode (100 A), Brophy and Garner17 showed cathode failure after only 1000 hours.  This is just a small fraction of 
the required life for multi-year, deep space missions.    
 
The erosion of the hollow cathode keeper at high discharge currents is the result of sputtering from anomalous 
energetic ions.3, 17, 20-24 These ions are termed anomalous because classical processes such as electrostatic 
acceleration due to potential gradients and pressure-driven acceleration do not provide sufficient energy to explain 
their presence in the cathode plume.  While a number of studies have examined the potential source for these ions,23, 

25-29 a recent two-year internal research campaign at the NASA Jet Propulsion Laboratory on a 100-A LaB6 cathode 
established that at high discharge currents, there is a correlational and causal link between the formation of  high-
energy ions and the onset of ion acoustic turbulence in the plume.1,2,6 This previous work showed how ion acoustic 
turbulence is driven unstable in hollow cathode plumes due to the large relative electron drift with respect to ions 
and that the onset of this turbulence causes high anomalous electron resistivity in the plume.30 The growth of this 
turbulence in turn is balanced by ion Landau damping which leads the formation of an energetic ion tail in the 
plume.1 A recent experimental work31 has explicitly showed the formation of this tail through Laser Induced 
Fluoresce measurements of the ion velocity distribution function in the plume. 
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The results of these fundamental investigation into IAT in the cathode plume guided a subsequent parametric 
analytical and experimental study wherein the correlation between ion energy in the plume and turbulence was verified 
over a wide range of operating conditions.  This investigation also showed that through a judicious choice of operating 
conditions, high-current operation with low turbulence levels can be achieved. This suggested a potential technique 
for mitigating the energetic ions and their associated erosion at high currents:  optimizing the cathode operation/design 
to prevent or minimize the onset of IAT.  

 
One of the major limitations from this previous study on mitigation, however, was that the ion energy measurements 
were performed downstream of the keeper.   Thus, even though it was apparent from both kinetic models30 and 
experimental results6 that minimizing the IAT reduced energetic ions downstream of the cathode, there was an open 
question as to whether or not eliminating the IAT would reduce energetic ions (and therefore erosion) at the keeper 
face.  The purpose of this work is to address this question by performing 100 hr wear tests to measure directly the 
erosion on the face of the cathode keeper at conditions where low and high levels of turbulence have been observed.  
With this purpose in mind, this paper is organized in the following way. In the first section, we describe the 
experimental setup and data analysis techniques.  In the second, we and use the results of previous studies on IAT to 
guide the choice of operating conditions for the wear tests.  In the third section, we present the experimental results.  
And in the fourth and final section, we discuss our results in the context of erosion predictions and the implications 
for this mitigation technique. 

 
 

II. Experimental Setup 
A. Cathode Assembly/Vacuum Chamber 
The cathode assembly for the wear tests consists of a graphite tube housing a LaB6 insert. The cathode tube is 
wrapped in a tantalum coaxial heater, housed inside of a molybdenum cathode keeper. The keeper orifice to keeper 
diameter ratio is 30%. There is a tungsten endplate at the end of the cathode tube that is 12% the diameter of cathode 
tube orifice. The setup (Fig. 1) is installed in the JPL High Current Test Facility, a 2.8 m x 1.3 m cylindrical 
chamber with vacuum maintained by two cryopumps. The base pressure of this facility is ∼ 10−8 Torr . At the flow 
rate of 10 sccm xenon, the background pressure is maintained at 1.0 × 10−4 Torr, and at a flow rate of 15 sccm, the 
background pressure is maintained at 2.0 × 10−4 Torr. The anode is a water-cooled, copper cylinder lined with 
tungsten. The cathode assembly is placed in the vacuum chamber so that the keeper face is 3 cm upstream from the 
start of the anode cylinder. 
 
We chose to use a molybdenum keeper for this study because of its resistance to deformation at the high emitter 
temperatures during cathode operation. Previous investigations referenced here were performed with a graphite 
keeper, but a parametric study we performed revealed that the plasma properties, i.e. oscillations and ion energy, 
remained unchanged by this change in keeper material. 
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Figure 1. Cathode setup installed in the vacuum chamber facility. 

 

Figure 2. Cathode running at the first operating condition. 

In order to keep a reference area protected from ion sputtering, a molybdenum shield was spot welded on the surface 
of the keeper with silver nickel strip in between the two molybdenum surfaces. The shield covers 30 degrees of the 
surface of the molybdenum keeper. 

 

 

Figure 3. Cathode keeper with molybdenum shield spot-welded on, prior to start of campaign. 
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B. Experimental Procedure 
We performed wear tests at three operating conditions on this 100-A cathode (see Sec. III) For each condition, the 
cathode ran for 25 hour intervals in the vacuum chamber, for up to 125 hours. As a note, because circumstances 
rendered the first 25 hour intervals for each case ambiguous either because of stress relieving or operator error, the 
initial case for each condition became the face of the keeper after the first 25 hours.  Prior to each 25-hour trial, the 
molybdenum shield was spot welded onto the surface of the cathode keeper. After each trial, the shield was carefully 
peeled off, and the topography of the keeper face was measured using a Nanovea ST400 Confocal Chromatic 
Profilometer. The optic pen used for the scans was the CL2/MG210 300 um Optical Pen. 
 
The cathode keeper face is scanned as a Cartesian scan of the surface, in which the scanning axis incremented in the 
X direction and the index axis incremented in the Y direction. The scanning resolution is 9 um and the index axis 
resolution is 30 um.   The max accepted linearity error rated for the sensor is 3 um.  We found in practice that the 
average noise on a measurement was +/-5um, and that the standard deviation of a measurement was 1.13 um. 

 

Figure 4. Scan of the initial cathode keeper face using the Nanovea ST400 profilometer. Scan generated with 
the Nanovea Expert 3D Analysis Software.    

 

Figure 5. Raw data of a concentric profile centered about the cathode center, at a distance 4% of the keeper 
radius. Approximate location indicated on Fig. 4. 

C. Experimental Procedure 
We show in Fig. 4 a representative scan for the keeper face that was taken before the wear testing. The profilometer 
scans were first leveled using the Nanovea Expert 3D Analysis software. The leveling operation in the program took 
user-specified points on the raw scan of the keeper to fit a plane, and then subtracted the local height difference 
between points of the fitted plane to a leveled plane. The scan then was imported into Matlab. The concentric 
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profiles (centered about the cathode keeper center) of the Cartesian scan were extracted for each 25 hour trial. Each 
concentric profile plot at a particular radial location was the average of the radial surface across a range of 0.05 cm. 
These concentric plots were then imposed on top of those from the initial hour case, with the shielded regions used 
as a zero reference. Fig. 5 illustrates an example concentric plot after 125 hours, plotted on the concentric plot at the 
same radial location after 25 hours.  

 

                        

                                          (a)            (b) 
  

 

Figure 6. (a.) Example plots of concentric profiles from 25 hour keeper face and 125 hour keeper face at the 
low current wear condition (See Sec. III) imposed on top of each other at the same radial location. Shielded 
region indicated in grey. (b.) Profilometer scans of 25 hour keeper face and 125 hour keeper face, dotted line 
shown is approximate concentric profile extracted in (a). 

The overall average erosion for each operating case is then found as an average of the unshielded keeper face regions 
of the initial trial subtracted by the unshielded keeper face regions of the final trial, as a function of radial distance 
from the center of the cathode keeper. 

 

III. Wear Test Operating Conditions 
We show in Fig. 7 the results of a parametric investigation from Ref. 2 to measure the IAT energy in the plume of  the 
same 100-A hollow cathode described in Sec. II . This figure demonstrates that for a fixed flow rate of xenon, there is 
a characteristic inflection point with discharge current where the turbulent energy is minimized. The reason for this 
inflection point is due to the different dependencies on discharge current of the steady-state driving term (electron 
drift) and damping term (ion-neutral collisions) for the IAT in the plume. This same study showed that the trends in 
turbulence energy are mirrored by the trends in ion energy downstream of the cathode (Fig. 7b).  This figure shows 
the standard deviation in ion energy as measured with a retarding potential analyzer placed downstream and off-axis 
from the cathode.    Larger energy spread in this case corresponds to the presence of higher energy ions.    
 
The results in Fig. 7 suggest a mitigation strategy for erosion.  In particular, if we require a fixed flow rate from the 
keeper operating at high current, then in order to minimize the turbulent energy, we can tune the discharge current 
until the minimum at the inflection point is achieved. Similarly, if we require a fixed discharge current, we can increase 
the flow rate until the turbulence is damped and the ion tail is eliminated.  It should be noted here that the reduction 
in energetic ions with increasing flow rate likely cannot be attributed to the collision of these particles with an 
increased neutral background.  This is because the cross-section for these collisions exceeds the dimensions of the 
experimental setup by a factor of 2-4 for all of the flow rates shown here. 
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As mentioned in Sec. 1, while it is evident that these mitigation techniques translate to reduction of the energetic ions 
and turbulence downstream of the keeper, it is still not known if the sputtering of the keeper similarly will be reduced.   
In order to address this question, we select three operating conditions for wear testing in line with the mitigation 
strategy outlined above.  These are shown high-lighted in Fig. 7b. First, we operate at a seemingly high-erosion (HE1) 
condition, 140 A and 10 sccm where both high turbulence and high energy ions in the plume are observed.  Second, 
assuming constant flow is the requirement, we invoke the first mitigation technique (M1) by moving to the condition 
75 A and 10 sccm located at the minimum of the curve in Figs. 7a and b. Third, we make constant high current the 
requirement and invoke the second mitigation technique (M2)---operating at 140 A but at higher flow rate, 15 sccm.  
 

                        

        (a)            (b) 
  

Figure 7 (From Ref.2). a) Wave energy as a function of discharge current for different flow rates b) Ion 
energy spread for the same operating conditions 

If it is in fact the case that the ion energy content is the same at the keeper as measured downstream (Fig. 8), we can 
show that the high erosion case, HE, and two mitigation techniques, M1 and M2, should directly translate to reduced 
erosion at the keeper.   In particular, by invoking previous measurements2 including the downstream ion energy, we 
can calculate the erosion rate given along the surface of the keeper in units of um/hour by  

 
𝜀𝜀𝑇𝑇 = 3.6 ×  109 � 𝛾𝛾(𝐸𝐸)
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where gamma denotes the sputtering yield as a function of ion energy, E, (Appendix) and the ion flux density 
distribution is 
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(2) 

Here 𝑛𝑛𝑖𝑖 is plasma density at location, 𝑚𝑚𝑖𝑖 is mass of ion, q is elementary charge, 𝑓𝑓(𝐸𝐸) is energy distribution function 
of ions, and 𝑉𝑉𝑝𝑝 is the plasma potential, which we take as the discharge voltage.  

For the density in Eq. 1, we note that In Ref. 2, this parameter was measured for the high erosion case (140 A and 10 
sccm), as a function of radius from the cathode centerline, as shown in Fig. 9    These measurements were taken in 
one radial direction (3 cm downstream of the cathode) from a location near the centerline, and then mirrored across 
the other radial direction.   We do not have spatially resolved measurements for the other wear conditions.  
However, as seen from measurements taken at centerline from Ref. 2 (Fig. 8), the plasma density does not generally 
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vary significantly between different flow rates, holding discharge current constant. As such, the plasma density for 
the low erosion, higher current case (140 A and 15 sccm) is assumed to have the same profile as that of the high 
erosion case (see Fig. 9). Because the plasma density is relatively flat at the surface of the keeper, we take the 
averaged plasma density at that location. The plasma density profile is scaled down, using the ratio between the peak 
plasma density data points at centerline near the keeper (Fig. 8) for each current case.  For the ion energy, the ion 
energy distributions that were measured 10 centimeters off cathode axis and downstream of the keeper (Fig. 10)---
making the previously mentioned assumption that the energetic content at the keeper is the same.  We also make the 
assumption that the ions are normally incident on the keeper. 

 

                   

(a) (b) 
Figure 8 (From Ref. 2). a) Plasma density as a function of distance from keeper face on cathode line, for a 
flow rate of 15 sccm. b) Spatially averaged plasma density as a function of discharge current for five flow 
rates. 

 
 

 

Figure 9. Plasma density data points for the 140 A and 10 sccm case.  
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Figure 10. Ion energy distributions for the three operating conditions, taken with a RPA 10 cm off centerline. 

Armed with these simplifications and local plasma measurements, we evaluate Eq. 1 to find the average erosion across 
the radial distance of the keeper face.   We show Fig.11 the predicted erosion that would result after a 100 hour wear 
test.  The error bars stem from uncertainty in the sputtering yield (see Appendix).  This figure indicates a significantly 
high amount of erosion in the last operating condition compared to the erosion expected in the other two operating 
conditions. This demonstrates that provided the turbulent energy and ion content downstream of the keeper is in fact 
indicative of the processes at the keeper face, we can expect higher erosion at the HE case compared to the M1 and 
M2 cases.   Moreover, it is evident that this predicted erosion should be greater than erosion that can be attributed to 
classical effects. The erosion due to classical mechanisms using the experimental discharge voltage as the ion energy, 
which is similar to the results generated by the OrCa2D code, if not underestimating the results.  In conjunction with 
the calculated erosion, the expected classical erosion is generated using a first principals numerical code called the 
Orificed Cathode 2D (OrCa2D)16. The code takes in a number of free parameters including discharge voltage and 
emitter temperature to simulate plasma conditions inside the cathode and the plume of the cathode in order to calculate 
sputtering at the keeper face. It does not take into account anomalous ion heating. OrCa2D has recently been tailored 
to our cathode, and validated by experimental results.  
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Figure 11. Plot comparing the average calculated erosion (from the RPA measurements) across the face of the 
molybdenum keeper in 100 hours with upper and lower bounds and the predicted peak classical erosion in 
100 hours generated by the OrCa2D code, for each of the three operating conditions of interest.  

When we compare the calculated erosion with the peak predicted classical erosion, there is a clear indication that the 
predicted high erosion is a result of anomalous processes. Armed with this predictive erosion, we conduct the 
experiment to verify if the erosion is mitigated based on this technique.  

 

IV. Experimental Results 
A. Mitigation Technique 1 
As stated before, because of possible stress relief deforming the material during the first 25 hours, the keeper face 
after 25 hours became the new initial reference. As seen in the concentric plots in Fig. 12, the first wear test 
indicated very little erosion occurring at the edge of the cathode keeper orifice. The concentric plots indicated very 
little change between the 25 hour case and the 125 hour case. 
 

 
(a) (b) 

  
Figure 12. Concentric profiles after running at 75 A and 10 sccm for 25 hours and 125 hours at a radial 
location a.) near the inner edge of the keeper orifice and b.) away from the inner orifice. 

The overall average erosion (Fig. 13) indicates a small amount of erosion near the inner orifice of the keeper. The 
erosion is small enough and well within the noise of the data, that we can attribute the erosion to be due to classical 
mechanisms.  

 

 

Figure 13. Average keeper erosion after 100 hours operating at 75 A and 10 sccm. 
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B. Mitigation Technique 2 
The second wear test saw discernably more erosion occurring at the edge of the keeper orifice, as seen in Fig.14, with 
a peak erosion of around 3.5 um in 100 hours. One thing to note at this case was that the region of the keeper face 
away the orifice saw perhaps 1 mm of deposition from the tungsten liner in the anode in the 25 to 50 hour interval, as 
seen in Fig.15. This is seen in the average erosion across the keeper face, using the 25 hour as the initial reference. 
This possible deposition is certainly within the level of noise (as is the amount of erosion), and a comparison of the 
50 hour keeper face to the 125 hour keeper face (Fig. 16 and 17) still indicates a similar average erosion rate. Fig. 18 
shows the average erosion rate of the inner radius of the keeper, by fitting a best-fit line through the averaged erosion 
across 5% of the keeper radius, where the peak erosion occurs, for each subsequent 25 hour case. Omitting the 25 hour 
case still derives a very similar erosion rate, indicating that the erosion rate is linear.  

 

(a) (b) 
  

Figure 14. Concentric profiles after running at 140 A and 15 sccm for 25 hours and 125 hours at a radial 
location a.) near the inner edge of the keeper orifice and b.) away from the inner orifice. The dotted line on 
the 125 hour profile represents the average value of the eroded surface, in reference to the zeroed shielded 
region. 

 

Figure 15. Average keeper erosion after 100 hours operating at 140 A and 15 sccm. 
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(a) (b) 
  

Figure 16. Concentric profiles after running at 140 A and 15 sccm for 50 hours and 125 hours at a radial 
location a.) near the inner edge of the keeper orifice and b.) away from the inner orifice. 

 

Figure 17. Average keeper erosion after 75 hours operating at 140 A and 15 sccm. 

 

 

Figure 18. Average experimental erosion rate for the second mitigation case, taken as an average over 5% of 
the radial distance from the inner edge of the orifice (where peak erosion occurs); with the average 25 hour 

case included and without. 

We must note that while the peak erosion (3.5 um) is within the noise of the raw data, this amount of erosion is 
higher than both the calculated anomalous erosion (1.1 um) and the predicated classical erosion (0.3 um) from the 
OrCa2D code, as shown in Fig. 18. As such, there is a possibility that not all of the anomalous high energy ions have 
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been killed off at this condition. But as seen in the subsequent condition, the peak erosion found at this case is 
significantly smaller than the peak erosion in the third operating condition. 

C. High Erosion Condition  
The third wear test was conducted twice because the tungsten liner failed during the first trial, perhaps due to an 
unstable plume mode. Uncompromised data was only collected up to the 75th hour, and then sometime during the last 
50 hours the liner failed, causing deposition of copper onto the face of the keeper and obscured the erosion. 

Prior to the second trial of the third wear test, the entire surface of the molybdenum keeper was polished down to 
remove the effects of the previous two wear tests. Unfortunately, the tungsten liner on the anode was misaligned 
during the 25 hour case, causing a new layer of copper deposition onto the face of the molybdenum keeper. Due to 
the ambiguity of the 25 hour trial results, the 25 hour case became the new initial reference.  

 

 

(a) (b) 
  

Figure 19. a.) Keeper face after polishing b.) Keeper face after 25 hours operating at 140 A and 10 sccm. 

Because copper has a significantly higher sputtering rate than molybdenum13, as demonstrated in Fig. 20, we can 
reasonably assume that whatever thin layer of copper deposited on the face of the keeper in those 25 hours would be 
sputtered off sometime during the rest of the wear test. In any case, polishing the surface of the keeper has allowed 
the shielded region to become an uncompromised reference to the eroded surface of the keeper in the next 100 hours. 

 

Figure 20. From Yamamura’s plots of ion-induced sputtering yields from monatomic solids at normal 
incidence, the sputtering yield fit of Copper and Molybdenum from Xenon ion bombardment from 

experimental data13. 
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Furthermore, the erosion rate observed during the first 75 hours is consistent with the erosion rate observed during the 
second trial, eliminating some measure of uncertainty (Fig. 24).  The final wear test condition saw a significant amount 
of erosion occurring, as the entire keeper face was sputtered during both trials of the last operating condition instead 
of just at the inner edge of the orifice keeper (see Fig. 22). While the average erosion across the unshielded region of 
the keeper face was only slightly higher than the peak erosion occurring at the inner orifice in the previous cases, there 
were in fact places on the keeper face that saw twice the amount of erosion than that of the average. During the second 
trial, at places at the inner edge of the orifice, the keeper saw a peak erosion of 7 um in 100 hours, with an average 4 
um of erosion across the entire keeper. During the first trial, the average erosion across the keeper was about 3 um in 
75 hours with a peak erosion of 5 or 6 um (Fig. 21). This is very consistent with the amount of erosion observed in 
the second trial. When we compare this peak 7 um of erosion from the experiment to the peak 1 um of erosion expected 
from classical mechanisms, we can reasonably conclude the presence of high energy ions in this condition. 

 

 

(a) (b) 
  

Figure 21. a.) Comparison of an initial hour concentric profile with the 75 hour profile and b.) Average 
erosion across the face of the keeper after 75 hours for the first trial running the cathode at the high erosion 
condition. 
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(a) (b) 
  

 
(c) 

Figure 22. Concentric profiles after running at 140 A and 10 sccm for 25 hours and 125 hours at a radial 
location a.) near the inner edge of the keeper orifice and b.) and c.) away from the inner orifice. 

 

Figure 23. Average keeper erosion after 100 hours operating at 140 A and 10 sccm. 

 

Figure 24. Average experimental erosion rate comparison for the first and second trials of the high erosion 
condition. 

 

When we compare the peak erosions across each operating condition and compare them to the peak classical erosion 
expected, there is a significant difference between the two values at the theoretically high erosion operating condition 
(Fig.25). The error bars on the experimental results are driven by the noise on the raw data. The first operating 
conditions found a peak erosion that was comparable to the expected classical erosion generated by the OrCa2D code 
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and well within the data uncertainty of the raw scans. The second operating condition did find an experimental erosion 
higher than the calculated anomalous or classical erosion, which indicates that, although this higher erosion is within 
the noise of the raw data, the anomalous high energy ions may still exist at this condition. However, there is a very 
stark difference in erosion magnitude and pattern, when compared to the last operating condition. By decreasing the 
flow rate of xenon gas by 5 sccm, the peak erosion doubled in magnitude. Furthermore, as visually demonstrated in 
Fig. 26, the entire face of the keeper was sputtered during the last operating condition, as opposed to the just at the 
inner edge during the last two operating conditions. 

 

 

Figure 25. Plot of the calculated anomalous erosion from Sec. III, predicted peak classical erosion in 100 hours 
and the peak erosion obtained from the experimental results for each of the three operating conditions of 
interest. 
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(a) (b) 

 

         
(c) (d) 

 

  
(e) (f) 

Figure 26. Photo and profilometer scan of keeper face for a.) reference hour (25 hrs) at first operating 
condition, b.) final hour (125 hrs) at first operating condition, c.) reference hour (25 hrs) at second operating 
condition, d.) final hour (125 hrs) at second operating condition, e.) reference hour (25 hrs) at third operating 
condition, and f.) final hour (125 hrs) at operating condition.  

V. Conclusion 
Previous studies have indicated IAT as a possible source of anomalous high energy ions and had identified operating 
conditions at which the presence of high energy ions would lead to theoretical high erosion on the face of the keeper. 
In this study, we have directly verified that the keeper face experiences anomalously high erosion at the indicated 
operating condition, especially in comparison to the two theoretically low erosion cases. The peak erosion that 
occurred at the 140 A and 10 sccm case was significantly higher than that predicted by classical mechanisms, by 
almost a factor of 7. Not only that, the entirety of the keeper face was sputtered at the last operating condition, as 
opposed to just at the edge of the orifice seen in the first two operating conditions. While experimental results indicate 
that possibly not all anomalous ions are quenched by this mitigation technique (as seen in the second operating 
condition), we have verified that a significant amount of erosion can be reduced by optimizing the operating 
conditions.  The results of any future wear tests similar to the one conducted in this study would benefit from running 
the cathode for longer periods of time, to resolve erosion outside of the profilometer measurement noise. Still, the 
resulting verification of the erosion mitigation techniques outlined in this study has important implications in 
improving the lifespan of the high current cathodes called for in the next generation of EP missions.  
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APPENDIX 

A general sputtering rate relation is given by Bohdansky9 for monatomic solids at normal incidence: 
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(3) 

Where E is ion energy, Eth is threshold energy, α is an energy-independent function of the mass ratio between the 
target and projectile from Sigmund’s original derivation10, and 𝑠𝑠𝑛𝑛𝑇𝑇𝑇𝑇 is the Thomas-Fermi nuclear stopping cross 
section. A modification of the Bohdansky model in Eq. 3 was proposed by Garcia-Rosales11, suggesting that for low 
ion energies, the Thomas-Fermi nuclear stopping cross section could be replaced with the Kr-C potential: 

 
𝑠𝑠𝑛𝑛𝐾𝐾𝐾𝐾𝐾𝐾(𝜖𝜖) =  

0.5 ln(1 + 1.2288𝜖𝜖)
𝜖𝜖 + 0.1728√𝜖𝜖 + 0.008𝜖𝜖0.1504

 

 

 
(4) 

 

The reduced energy, 𝜖𝜖, is 

 𝜖𝜖 = 𝐸𝐸
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(5) 

 

𝑍𝑍1 and 𝑍𝑍2 is the atomic numbers of the projectile (xenon) and target (molybdenum) particles, respectively, 𝑒𝑒2 = 14.4 
eV Angstrom, and 𝑎𝑎𝐿𝐿 is the Lindhard screening length11: 

 𝑎𝑎𝐿𝐿 = 0.4685�𝑍𝑍1
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(6) 

 

Using the derived empirical formulas for sputtering yield by Eckstein12 and Yamamura13 as a guide, Sekerak et al.14 
selected a simplified empirical fit for the sputtering yield at low energies:   

 
𝛾𝛾(𝐸𝐸) = 𝑠𝑠𝑛𝑛𝐾𝐾𝐾𝐾𝐾𝐾(𝜖𝜖)𝑒𝑒𝛽𝛽− �𝐸𝐸−𝑉𝑉𝑘𝑘𝐸𝐸𝑡𝑡ℎ

�
𝜂𝜂

  
 

 
(7) 

 

Where 𝑉𝑉𝑘𝑘 is the keeper voltage and β, η, and 𝐸𝐸𝑡𝑡ℎ  are fit parameters derived by Sekerak et al.14 from a curve fit of 
literature values by Doerner for molybdenum sputter yield from xenon ion bombardment at normal incidence angle. 
The sputtering yield fit to Doerner data15 is recreated below for convenience: 
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Figure 27. Replotted fit with upper and lower bounds by Sekerak14 to the data provided by Doerner15 for 
molybdenum sputtering yield from xenon ion bombardment.  

 

Fit Parameter Doerner Fit Upper Bound Lower Bond 
𝐸𝐸𝑡𝑡ℎ (eV) 120 115 122 

η 1.15 1.15 1.15 
β 1.0 1.3 0.4 

Table 1. Molybdenum sputtering fit parameters provided by Sekerak for Eq. 7, with upper and lower 
bounds. 
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