




To solve for the axial location of the double layer, we calculate the location from which the counter streaming 
ions satisfy the Langmuir condition. We assume that the gas expands at a fixed cone angle, the tangent of whose half 
angle is a. 

We assume that the ions generated by accelerated electrons within about one local radius downstream flow through 
flow back through the double layer 

Substituting the expression for density we obtain 

fgas 0 1 =Ie--- 
von ( ro+az)  a 

We define the "Langmuir ratio", R, as the ratio of the ion and electron current times the ratio of the square root of 
the masses, 

The stable double layer location is when this ratio equals one. Substituting for the ratio of the current densities we 
obtain 

The Langmuir ratio decreases monotonically with axial distance (Figure 1). This leads to a stable double layer, 
because if the Langmuir condition isn't met in the stationary frame, it must be satisfied in the moving frame. If the 
location were two far upstream, the double layer would move out; if the double layer were too far downstream, the 
double layer would move in. Also shown in Figure 1 is how the Langmuir ratio increases with flow for two different 
cathode flow rates, and consequently, the double layer location move further downstream. 
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Figure 1. Langmuir ratio as a function of downstream axial distance for two flow rates. 

Alternatively, we can solve for the axial location where the Langmuir condition equals one (Figure 2). The general 
behavior, that the double layer location moves axially with increasing gas flow, has been reported in Ref 7 by visual 
observation. 
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Figure 2. Axial location where the Langmuir condition equals one as a function of the cathode flow rate. 

B. Cathode Plume Expansion Plasma 
The above analysis showed that if a double layer was formed, the location of the double would depend on the neutral 
gas flow from the cathode. Recent tests by Goebel, et. al., both double layer potential structures and visual 
indications of double layers (Figure 3). 
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Figure 3. Photograph of the plasma dotvnstream of' a hollow cathode showing the dark region and plume 
characteristic of a double layer. 

To examine the behavior of this 25A Taboratory cathode, we have assembled a 1-D fluid model. This model is 
simiIar to that in Ref.5, but has significant improvements in the plasma transport algorithms. 

Uniform Background Neutrals 

Cathode Keeper 

Figure 4. Compntational region in the 1-D model. 

For simplicity, in this preIiminary model: we neglect ion and electron inertial in the momentum equations. In future 
studies, we expect to retain the ion inertia terms, but still neglect electron inertia. The combined lon-elecnon 
ambipolar diffusion equation is solved for plasma continuity, 

where resonant charge exchange between ionized and n e u ~ a l  xenon is assumed to be the principle ion scattering 
mechanism and the a~nblpolar diffusion coefficient is 
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The electric field is solved using Ohm's law with classical resistivity. Iomzation terms are neglected, since even if 
all the gas leaving the cathode were ionized, it would contribute at most a few percent of the total current. 

The electron scattering time is, 

where we use the classical electron-ion scattering frequency 

and elecmn neutral scattering using a temperature averaged cross section" 

The plasma resistivity is 

The electron energy equation includes convection, thermal conduction, Joule heating, pressure work, ionization 
losses, and energy transfer to "navy ions and electrons. The last term is small, and could have been neglected. 

The electron t h e m 1  conductivity term is given by, 

Axial depletion of the neutral gas leaving the cathode is taken into account using a simple exponential model, 
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d n  (2) P dn, A=-- 
dz v, dt 

C. Discharge Cathode Double Lager 
We have applied this model to a region starting at the keeper and extending 4 cm downstream, for a laboratory 

cathode at two different gas flows. The angle of the gas expansion was estimated from the plume photographs to be 
about 22.5' (a full cone angIe of about 45"). Future studies wjIl employ a more sophisticated gas model, using the 
algorithms developed in Ref. 18. 

Figure 5. PIurne downstream of the laboratory holIolv cathode running at 25 A and 5.5 sccrn. 

The first set of calculations are for the cathode running at 25 A and 5.5 sccm. A s  seen in Figure 5, there is n o  
apparent dark region. If there is a double layer it is upstream of the orifice plate. The 1-D code was run using the 
measured plasma density, electron temperature, and potential at the downstream surface of the orlfice plate as 
boundary conditions. Results are shown in Figure 6 and Figure 7. In general, the I-D model shows the same 
qualitative behavior at the data. The potential rises on a centimeter distance scale downstream of the keeper, and the 
electron temperature rises to just over 5 eV and remains relatively flat. 
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Figure 6. density calculated using the 1-D model compared with laboratory measurements. 
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Figure 7. Plasma potentials, electron temperatures, and electron drift velocity calculated using the 1-D model 
compared with laboratory measurements for the case of 25 A and 5.5 sccm. 

When the gas flow is increased to 10 s c c q  the 1-D fluid model plasma potentials and temperatures no longer agrees 
with the measured data. While there is clear evidence of a double layer in both the visual plume, Figure 3 and the 
plasma potential, Figure 8, the 1-D model does not capture this feature. The only evidence ffom the I-D model that a 
double layer may be needed is that the electron drift velocity rises near double layer values just downstream of the 
keeper, a half centimeter short of the observed double layer. The electron drift velocity ratio is 50% higher in the 10 
sccm case than in the 5.5 sccm, mainly a function of the lower boundary condition temperature. One can speculate 
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that upstream of the cathode, drift instabilities or perhaps a double layer was responsible for heating the plasma 
electrons in the lower gas flow case. 
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Figure 8. Plasma potentials, electron temperatures, and electron drift velocity calculated using the 1-D model 
compared with laboratory measurements for the case of 25 A and 10 sccm. 

111. Conclusion 
The gas density fall off just downstream of the hollow cathode orifice is seen to play a major role in the plasma 

potentials. When the flow is high, the potential remains below 20 volts for about a centimeter, and then 
discontinuously increases. At the lower flows, both calculations and measurement show a rapid increase in plasma 
potential near the keeper. W e have p erformed additional calculations for 1 arger angles o f g as e xpansion. As the 
expansion angle increases, both the rate of potential rise and the relative electron drift velocities increase close to the 
keeper. This suggests that plasma ions that impact the keeper would fall through higher potentials as the gas flow is 
lowered. Also the rapid plasma rise could occur inside the keeper orifice, providing a source of energetic ions that 
would enlarge the orifice. 

While some evidence of double layer behavior has been found, the approximate analysis and 1-D fluid model 
presented here, offer only clues, not a definitive, predictive theoretical treatment of this problem. To predict keeper 
erosion for the long duration missions being planned, detailed models are needed that will accurately predict in two 
dimensions the plasma ion fluxes and energies bombarding keeper surfaces. We are planning a serious modeling 
effort, coordinated with a program of hollow cathode plume plasma measurements, to develop the capability to 
predict keeper erosion for the wide range of ion thrusters envisioned for JIM0 and follow-on Prometheus missions. 
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