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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.

o N

Flow (sccm)

0.000 0.002 0.004 0.006 0.008 0.010
Distance (m) N

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 downstream of a hollow cathode showing the dark region and plume
characteristic of a double layer.

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

Uniform Background Neutrals

Cathode Keeper

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

For simplicity, in this preliminary 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 ion-electron
ambipolar diffusion equation is solved for plasma continuity,

‘_}
gy . V-(D,Vn)+n (7)

ot

where resonant charge exchange between ionized and neutral xenon is assumed to be the principle ion scattering
mechanism and the ambipolar diffusion coefficient is
1 e(T,+T,)
D, = (8)
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The electric field is solved using Ohm’s law with classical resistivity. Ionization 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.

. 1 vnT . VnT
Je=—(E+ e), E=nj - - (9
n n n

The electron scattering time is,

1
T —— (10)
vei + VEO

where we use the classical electron-ion scattering frequency
-3 - -
v =29x107"?nAT,?, A =23-1In(10°nT.?) (11)
and electron neutral scattering using a temperature averaged cross section'”

eT,

ch = noo-oo(Te ) {12)

¢
The plasma resistivity is

ol .

__ “"Braginski _

- 2 ? Braginski 0.51
€,T e(1)p

(13)

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

d3neT,
ot

= V(T RV 0 - e e B, = Sen T (v, + VM= T) (1)

1

The electron thermal conductivity term is given by,

K=3.2(6Te}:een (15)

me

Axial depletion of the neutral gas leaving the cathode is taken into account using a simple exponential model,
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dn,
dt
n,=n.(z)+n,

1on

=-n,no,, C

dny(z)_ 1 dn,

dz Vo dt (16)
2 [90 du,
v, \ dt dt
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Vo

C. Discharge Cathode Double Layer
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 angle of about 45°). Future studies will employ a more sophisticated gas model, using the
algorithms developed in Ref.18.

Figure 5. Plume downstream of the laboratory hollow cathode running at 25 A and 5.5 scem.

The first set of calculations are for the cathode running at 25 A and 5.5 sccm. As seen in Figure S, there isno
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 orifice plate as
boundary conditions. Results are shown in Figure 6 and Figure 7. In general, the 1-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 scem.

When the gas flow is increased to 10 sccm, 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, F igure 3 and the
plasma potential, Figure 8, the 1-D model does not capture this feature. The only evidence from the 1-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 scem, mainly a function of the lower boundary condition temperature. One can speculate
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that upstream of the cathode, drift instabilities or
electrons in the lower gas flow case.

perhaps a double layer was responsible for heating the plasma
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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 scem.

1. 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 a dditional calculations for larger angles of gas 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 JIMO and follow-on Prometheus missions.
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