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Abstract:  The effect of applying a Hall thruster-like magnetic field to a 25-A class hollow 
cathode is experimentally characterized. Cathode parameters such as discharge voltage, 
discharge and keeper oscillation magnitudes, and ion voltage spectra were measured as the 
magnetic field applied by a Hall thruster simulator was varied. The simulator approximated 
the centerline 
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Figure 13. Photographs of the cathode operating at 325 G and four different flow rates. All photographs were taken with 
the same camera exposure settings. 

The current distribution between anode segments was similarly invariant. As an example, Table 1 shows the current 
distribution among the four anode segments for each of the four flow rates for 325 G operation. The current to each 
segment changed by less than 1 A for Segments 1, 2, and 3, and less than 1.5 A for Segment 4 across all four flow 
rates. Generally, the current collected by Segment 1 and 2 increased with decreasing flow rate, whereas that for 
Segment 4 decreased with decreasing flow rate. The trends at different field strengths were similar.  

 
Table 1. Collected current of each segment at 325 G for each mass flow rate tested. 

Flow Rate, sccm I seg1, A I seg2, A I seg3, A I seg4, A 
25.0 2.28 3.87 4.89 9.69 
18.5 2.16 3.76 4.67 10.21 
14.7 2.54 4.02 4.67 9.55 
11.5 2.63 4.55 4.75 8.91 

 
 

Unlike the collected current distribution among the segments, discharge voltage showed a trend with mass flow 
rate, as illustrated in Figure 14. Although the overall trend with increasing magnetic field strength is similar and the 
discharge voltage values were very similar for each flow rate at 0G, the values increasingly diverge with increasing 
strength, starting around 100 G. At 325 G, discharge voltage ranged from 27 V at 25 sccm to 57 V at 11.5 sccm.  
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Figure 4. Example f(V) trace illustrating the two peak locations and the 95% population extent. 

IV.  Results 
The experiment consisted of two portions. In the first, we held the cathode flow rate constant at four values and 

increased the magnetic field strength from 0 G to 325 G in increments of 8 G up to 163 G, then increments of 40 G 
thereafter. At each magnetic field strength, we measured the steady-state cathode telemetry (e.g., discharge voltage, 
cathode-to-ground voltage, current collected by each anode segment, etc.), high-speed oscillation information via the 
oscilloscopes, and the ion voltage spectrum using the RPA. In the second portion of the experiment, we held the 
magnetic field constant at two settings, 0 G and 325 G, and varied the cathode flow rate. 

A. Magnetic Field Strength Sweeps 
At cathode flow rates of 11.5, 14.7, 18.5, and 25.0 sccm, we swept the magnetic field strength from 0 G to 325 G 

as noted above. We discuss below results from each of the parameters we studied, first for the nominal 14.7 sccm case 
and then for all flow rates tested to study the effect of flow rate on observed trends. 

 
1.  Photographs 
The cathode plasma visually changed noticeably between 0 G and 325 G. Figure 5 presents photographs from the 14.7 
sccm set of conditions illustrating this change. All photographs were taken through a vacuum facility viewport with a 
quartz window. We used no filtering or post-processing to alter the cathode plasma appearance, and all photographs 
but the 0 G photo in Figure 5 were taken with the same camera settings.   

These photographs clearly show the change in the cathode plume structure with the application of magnetic field. 
With no magnetic field, the plasma is diffuse and mostly purple, which is typically associated with neutral xenon 
excitation and low ionization fraction [64]. With the magnetic field strength at 81 G, the plasma has become axially 
collimated, and there is a distinct jet forming along the center axis of the plume. This behavior is qualitatively similar 
to results found in an experiment using an axial magnetic field with a hollow cathode of a different configuration [65]. 
At a field strength of 163 G, the plasma is much bluer, with the only purple visible in the edges of the beam. This blue 
color is typically associated with ionized xenon and is indicative of a higher ionization fraction [64]. However, the 
shape of the plasma is similar to that at 81 G. The visual change between 163 G and 325 G is much subtler, with the 
plasma becoming brighter but not changing in color or physical shape. Note that the photograph for 0 G was taken 
with a longer exposure time than the others to assist in highlighting the plasma structure; the remaining three were 
taken with the exact same camera settings to aid in comparison. The 0 G case required the longer exposure time 
because the plasma was significantly dimmer than that with the magnetic field applied.  
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Figure 5. Photographs of the cathode plume at 14.7 sccm and increasing magnetic field strength. Note that the 

photograph for 0 G has a longer exposure time than the remaining photographs, which were all taken with the same camera 
settings.  

These photographs illustrate that the largest visual change in the plasma occurs between 0 G and 81 G. To study 
that change in more detail, Figure 6 presents photographs from 0 G to 65 G. Unlike in Figure 5, the photographs here 
were all taken with the same camera settings, so all are directly comparable. As can be seen, field strengths as low as 
8 G facilitate a change in the plasma, and at 33 G the plasma has increased significantly in brightness and blueness 
and is confined along centerline. The brightness continues to increase with magnetic field strength to 65 G, at which 
point the plasma structure appears to mostly be established. Looking back to Figure 5, it can be seen that the difference 
between 65 G and 81 G is only slight. As the field strength continues up to 325 G, the only apparent difference captured 
in the photographs is an increase in the brightness of the plume.  
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Figure 6. Photographs of the cathode plume at 14.7 sccm and increasing magnetic field strength. These photographs focus 
on the change in structure at low field strengths. 

These photographs reveal the visual changes in the plume as the magnetic field strength is increased, including the 
change from diffuse to collimated plasma and the increase in blueness and overall brightness. They also indicate that 
the changes predominantly happen between 0 G and 65 G, and that the changes from there to 325 G are less substantial. 
However, although these photographs are qualitatively useful, they alone cannot be used to infer anything about 
possible changes in the plasmadynamics of the cathode plume. Other metrics, such as the segmented anode current, 
provide more quantitative information about changes occurring in the plasma as the field strength is increased. 
 
2. Segmented Anode Collected Current 
The segmented anode provides an opportunity to quantify the change in physical plasma shape. By studying how the 
current collected by each segment changes with changing magnetic field strength, we can see whether and to what 
degree the plasma is being moved relative to the anode. Figure 7 shows the change in discharge current collected by 
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each anode segment versus magnetic field strength for the 14.7 sccm case. On the left are the full range of magnetic 
field strengths tested, and on the right are field strengths from 0 G to 81 G.  

As magnetic field is increased we find that the current collected by Segment 4 (farthest from the cathode) increases, 
while that of Segments 1-3 decreases. Note that the total discharge current of 20.8 A was maintained for all operating 
conditions. The largest changes in current distribution occur between 0 G and approximately 81 G, above which the 
current collected by each anode is changing by less than 10% from condition to condition. Indeed, by focusing in on 
the lower range of field strengths on the right, we see that the most substantial changes in collected current happen 
between 0 G and 33 G.  
 

 
Figure 7. Discharge current collected by each anode segment versus magnetic field strength. The plot on the left shows the 
entire range of magnetic field strengths, and the plot on the right shows the lower end of the sweep range (shaded in gray 

on the left-hand plot). Measurement uncertainty is smaller than the marker size. 

These data support the visual indications that the photographs provided, namely that the largest physical change in 
the plasma shape occurs at the outset of magnetic field application, and that above about 81 G the changes in shape 
are much less significant. Additionally, the relative current values support the qualitative structure change seen in the 
photographs, wherein the plasma was collimated on centerline. This collimation likely served to reduce the divergence 
of the cathode plume, which caused the intersection between the plume and the anode to move downstream�† that is, 
toward Segment 4. All  segments start out at approximately equal amounts of current. From 0 G to 16 G, the collected 
currents of Segments 1 and 2 decrease, while that of Segments 3 and 4 increase. The two segments with the largest 
change are Segment 1 (decrease from 5.5 A to 2.0 A) and Segment 4 (increase from 4.5 A to 7.5 A). For field strengths 
greater than 81 G we find that Segments 1 and 2 maintain nearly constant current collection while Segment 3 decreases 
approximately 1 A and Segment 4 increases approximately the same. These results indicate that the visual change 
between 0 G and 81 G captured in the photographs corresponds to the largest change in current collection along the 
anode, and that the lack of visual changes at field strengths above 81 G corresponds to similar invariance in current 
collection among anode segments.  

 
3. Discharge Voltage 

Figure 8 shows time-averaged or DC discharge voltage as a function of magnetic field strength. Unlike the change 
in discharge current distribution, discharge voltage shows a nearly monotonic increase with increasing magnetic field, 
moving from approximately 20 V at 0 G to over 35 V at 325 G. This is an indication that the change in current 
distribution and axial plasma structure is not the only change occurring with increasing magnetic field strength, and 
that other aspects of the plasma continue to change for magnetic field strengths between 81 G and 325 G.  

 



 
 

The 36th International Electric Propulsion Conference, University of Vienna, Austria 
September 15-20, 2019 

11 

 
Figure 8. Discharge voltage versus normalized magnetic field strength for the 14.7 sccm case. Measurement 

uncertainty is smaller than the marker size.  

4. Oscillatory Behavior 
Next, the oscillatory behavior of the cathode is characterized in Figure 9 by the peak to peak values of the discharge 

current, discharge voltage, and keeper voltage. Generally in the cathode literature, larger oscillation levels are 
associated with the generation of high-energy ions and thus with detrimental phenomena such as keeper erosion 
[22,26,66]. Therefore, it is typically preferred to operate cathodes in quiescent, low-oscillation conditions. 
Specifically, the keeper peak to peak floating voltage is often used as an indicator of the cathode mode for cathodes 
without a magnetic field; a typical metric used in the literature is keeper voltage oscillations in excess of 5 V peak to 
peak being indicative of the cathode entering the plume mode [24]. Here we present the keeper oscillations along with 
those of the discharge current and anode voltage to provide a full picture of the oscillatory behavior of the cathode.  

 

 
Figure 9. The peak-to-peak oscillation levels of the discharge current, anode voltage, and keeper voltage (left to right 

respectively) as a function of magnetic field strength. 

The three oscillation parameters exhibit generally similar behavior. On the left of Figure 9 is discharge current peak 
to peak versus magnetic field strength. At 0 G these oscillations are relatively large, over 50% of the DC value of 20.8 
A. The oscillations decrease to less than 2 A at 8 G, then increase to nearly 10 A at 16 G, before settling into a band 
between 4 and 6 A for field strengths between 130 G and 325 G. The discharge voltage shows a similar trend, with 
oscillations of over 11 V at 0 G giving way to oscillations of less than 2 V for the remaining conditions. Generally the 
shape matches that of the discharge current oscillations, with higher values at 16 G and 98 G compared to the 
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surrounding magnetic field strengths. For all magnetic field strengths greater than zero, the discharge voltage 
oscillations amounted to less than 10% of the DC value. Keeper voltage oscillations, on the right-hand side of Figure 
9, show a slightly different trend. Unlike the other oscillations, keeper voltage oscillations are small at 0 G, and the 
notable increase in oscillations at 98 G does not appear. Additionally noteworthy, none of these values is above 1.5 
V, well below the standard threshold for plume mode of 5 V. Overall, all three oscillation magnitudes indicate that as 
magnetic field is increased the cathode operates in a stable and quiescent mode. In fact, both discharge current and 
anode voltage oscillations were substantially reduced for all values of non-zero magnetic field compared to the zero-
field case.  
 
5. Cathode Orifice Plate Temperature 

It is well established that barium evaporation increases with increasing emitter temperature [67,68]. Because of 
this, cathode emitter temperature is often used as a reliable relative indication of cathode lifetime.  As noted above, 
we measured cathode orifice plate temperature using a type-R thermocouple spot-welded to the edge of the orifice 
plate as a proxy for emitter temperature. Although the absolute temperature values will differ from the emitter surface 
temperature, we expect that the trends will be similar [16]. 

Figure 10 presents orifice plate temperature versus magnetic field strength. The temperature shows a nearly linear 
increase with magnetic field strength, increasing from 934 ”C at 0 G to 981 ”C at 325 G, an increase of 47 ”C. Over 
the course of testing, we found that the temperature at a given magnetic field setting was repeatable. For instance, 
after ramping the field from 0 G to 325 G over the course of 90 minutes, we changed directly from 325 G to 0 G and 
found that the temperature returned to within 0.2 ”C of the original 0 G temperature reading.  

 

 
Figure 10. Cathode orifice plate temperature versus magnetic field strength for the 14.7 sccm flow rate case. 

 
6. Radial Ion Voltage Spectra 

Figure 11 presents example ion voltage distribution functions (f(V)s) for various cases. There was a notable 
difference in these traces as magnetic field strength increased. On the left of the figure are f(V)s for the 0, 81, 163, and 
325 G cases. The 0 G case shows a single Maxwellian distribution, with a most probable voltage of about 22 V (very 
close to the discharge voltage of 20 V) and no detectable ion population above approximately 60 V. At 81 G the 
distribution has developed a distinct second peak. The first peak, though larger, remains near the discharge voltage. 
The second population has a peak at 38 V and a much broader tail, with a detectable ion population out to 100 V. As 
magnetic field continues to increase, the near-discharge voltage peak remains, but the tail content of the second peak 
continues to increase.  
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Figure 11. Ion voltage distribution functions for va rious magnetic field strengths for 14.7 sccm. On the left, traces for 0, 

81, 163, and 325 G, and on the right, traces for 0, 16, 33, and 65 G.  

The right-hand plot of Figure 11 features the low-end of the magnetic field strength sweep. Here, f(V) initially shifts 
to higher voltage and flattens but remains approximately Maxwellian for the 16 G case. At 33 G, the f(V) has assumed 
the two-population shape seen throughout the remainder of the magnetic field sweep. The higher-voltage population 
then continues to grow with increasing magnetic field strength. 

To quantify these changes, we identified the location of both peaks as well as the 95% population extent in the tail 
as described above. The results for the 14.7 sccm case are in Figure 12. There are a number of noteworthy features in 
this plot. First, Peak 1 (the lower-voltage peak) tracks within 2 V of the discharge voltage for field strengths in excess 
of 33 G. Second, Peak 2 (the higher-voltage peak) appears at 33 G, and although it is at higher voltages than Peak 1, 
it also tracks with discharge voltage. The high-voltage tail, as characterized by the 95% population extent, shows a 
much faster increase with increasing magnetic field strength than either peak location. Indeed, at 325 G we find that 
the discharge voltage and Peak 1 are at about 37 V and Peak 2 is at about 64 V, yet the tail of the high-voltage 
population extends beyond 175 V.  
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Figure 12. Various features of the ion voltage distribution function as a function of magnetic field strength for the 14.7 

sccm case. Measurement uncertainty is smaller than the marker size. 

 
7. Effect of Flow Rate 

In addition to the 14.7 sccm case, which was highlighted above because it is the nominal flow rate for the Mark II 
cathode, we performed the same magnetic field strength sweep at three other flow rates�† 25 sccm, 18.5 sccm, and 
11.5 sccm�† to see what effect cathode flow rate had on the trends presented above.  

Visually, there was little change in the plasma plume shape, but a distinct change in its coloring. As an example, 
Figure 13 shows photographs of the cathode operating at 325 G at each of the four flow rates. For clarity, all four of 
the photographs were taken with the same exposure settings. The most noticeable difference in the photographs is the 
increasing presence of purple background plasma. As discussed above, this purple color is typically associated with 
the presence of xenon neutral atoms [64], and thus the observed differences are likely due to the increased facility 
pressure, which varied linearly with flowrate and thus approximately doubled between 11.5 sccm and 25.0 sccm. The 
overall shape of the plasma appears to be approximately constant for all flow rates.  
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Figure 13. Photographs of the cathode operating at 325 G and four different flow rates. All photographs were taken with 
the same camera exposure settings. 

The current distribution between anode segments was similarly invariant. As an example, Table 1 shows the current 
distribution among the four anode segments for each of the four flow rates for 325 G operation. The current to each 
segment changed by less than 1 A for Segments 1, 2, and 3, and less than 1.5 A for Segment 4 across all four flow 
rates. Generally, the current collected by Segment 1 and 2 increased with decreasing flow rate, whereas that for 
Segment 4 decreased with decreasing flow rate. The trends at different field strengths were similar.  

 
Table 1. Collected current of each segment at 325 G for each mass flow rate tested. 

Flow Rate, sccm I seg1, A I seg2, A I seg3, A I seg4, A 
25.0 2.28 3.87 4.89 9.69 
18.5 2.16 3.76 4.67 10.21 
14.7 2.54 4.02 4.67 9.55 
11.5 2.63 4.55 4.75 8.91 

 
 

Unlike the collected current distribution among the segments, discharge voltage showed a trend with mass flow 
rate, as illustrated in Figure 14. Although the overall trend with increasing magnetic field strength is similar and the 
discharge voltage values were very similar for each flow rate at 0G, the values increasingly diverge with increasing 
strength, starting around 100 G. At 325 G, discharge voltage ranged from 27 V at 25 sccm to 57 V at 11.5 sccm.  
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Figure 14. Discharge voltage versus magnetic field strength for each of the four flow rates tested. Measurement 

uncertainty is smaller than the marker size.  

Orifice plate temperature also showed a flow rate effect. As Figure 15 shows, the difference with flow rate 
predominantly occurred at low magnetic field strengths, with temperature differences between flow rates of 25 ”C at 
0 G but only 8 ”C at 325 G. For all flow rates tested, increasing the magnetic field from 0 G to 325 G resulted in a 
change in cathode orifice plate temperature of at least 25 ”C.  
 

 
Figure 15. Orifice plate temperature versus magnetic field strength for all four flow rates tested. 

 
Unsurprisingly, the ion voltage spectra showed trends with flow rate as well, as illustrated in Figure 16 with the 

95% population extent. For all flow rates, the tail increases with increasing magnetic field strength faster than the 
discharge voltage increase. The extent of the tail also increases with decreasing flow rate, and at 11.5 sccm, the tail 
extends nearly to the 250 V limit of the RPA.  




















