


¢V. It should be pointed out again that this is not the cathode sheath voltage due to the radial potential drop in the
very collisional cathode plasma. In the orifice, the potential jumps to nearly 20 eV. The anode probe for this scan
measured a plasma potential of about 18 V, which is slightly lower than the cathode probe due to radial mis-
alignment of the probe estimated to be on the order of 1 mm. A more careful alignment estimated to be within
0.5 mm found agreement between the probes within one volt, which is essentially the accuracy of the plasma
potential determination by probe methods in any case. Although there appears to be a double layer in the orifice
region, the potential change is normally in the 5 to 10 eV range and the plasma potential in the orifice and keeper
region is found not to be the highest in the system, as suggested by some authors'® for high current hollow cathodes.
However, this potential profile may be due to a relatively low current density in the large-orifice hollow cathode
used in these experiments, which is less than 600 A/em? at discharge currents up to 35 A. The potential distribution
observed in our cathode slowly increases to a maximum of about 30 V several cm downstream of the keeper. This
is due to both the structure of the cathode plume and the increasing electron temperature observed as the probe
moves downstream. The peak potential is about 3.2 V higher than the anode potential, and the plasma potential then
falls downstream of the peak as the plasma density decreases further. Electron temperatures on the order of 2 to 3
eV are found inside the cathode insert and 4 to 6 eV are measured in the anode region.
Increasing the gas flow rate at a fixed discharge
30 current always decreases the discharge voltage and the
® 10 A, 5.5scem electron temperature measured throughout the system.
A& 25 A, 55 scem | . .
@ 25A. 10 scem The plasma potential change with flow rate depends on
the discharge current level. At 25 A, the plasma
potential inside the hollow cathode on axis is observed to
decrease as the flow is raised from 5.5 to 10 sccm, as
shown in Fig. 11. However, at 10 A and 5.5 sccm, the
potential on axis is over 20 V and the electron
temperature exceeds 4 eV. It is clear that the cathode
» adjusts the potential at a given discharge current to
-05 05 1.5 2.5 35  provide adequate self heating. At lower discharge
Position relative to cathode orifice entrance, cm g q .
currents, higher potential drops are required to produce
Figure 11. Plasma potential and electron temperature  the required cathode temperature to supply the electron
in the hollow cathode showing variation with flow and  emission required to support the discharge current set by
discharge current. the current controlled power supply. This higher
potential drop in the cathode plasma also tends to
produce higher electron temperatures. The potential in
the orifice region is observed to follow any discharge

Plasma Potertial or Electron
Temperature, ¥

N
\n

plasma Potential 25A, 10sccm voltage changes, although it is not a linear response due
P B e 2 to changes in the potential distributions outside the
5 cathode. In Figure 11, the data was taken with the
-:g, conical anode and the discharge voltage was 29 V for the
] 10 A case, 26.8 V for the 25 A, 5.5 sccm case, and 20.5
. e B V for the 25 A, 10 sccm case. Higher flow rates at a
§ , _ given current also tend to push the observed double layer
E Electron Temperatur'e o i further downstream in the orifice. It is likely that smaller
I S orifice diameters will also push the double layer down
6 5 -4 -3 -2 -1 0 T2 3 stream at the same flow rate due to the higher neutral
Position Relative to Cathode Orifice Entrance, cm density in the insert and orifice region_

The potential distribution in the anode region also
changes with flow rate. Figure 12 shows the complete
plasma potential and electron temperatures profiles for
the 25 A, 10 sccm case. While the characteristic double
layer in the orifice plate is clearly seen, another potential discontinuity is observed downstream about 1 cm from the
keeper exit. This is consistent with visual observations of the cathode “spot” shape and location. Figure 13 shows
of the visible emission from the 25 A, conical anode tests, where the upper photo shows the cathode plume at 5.5
scem and the lower photo shows the plume at 10 sccm. The cathode “spot” moves significantly downstream at the
high flow rates and a dark space is clearly observed. The dark space corresponds to a region of low electron
temperature where excitation is decreased. However, this reduced-luminosity region also is observed in the 5.5
scem case, although it is closer to the keeper and less apparent in the photograph. The downstream potential step

Figure 12. Plasma potential and electron temperature
profiles from the 25A, 10 sccm case.
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shown in the 10 sccm case in Fig. 12 actually occurs at the down
stream edge of the spot (or ball). This behavior is predicted by a
model developed by Katz’ that finds insufficient plasma
generation and heating in this region to carry the discharge
current without a double layer.

Interestingly, the 5.5 sccm case has a distinct visual boundary
on the downstream edge of the cathode spot, seen at the left of
Fig. 13a, but the probe data indicates that this does not
correspond to a double layer as in the 10 sccm situation. In the
lower flow cases, the strong axial density gradient measured in
this region creates the visual impression of a distinct boundary
(the “ball” or “spot” shape) where the probe data says that no
potential or temperature step is observed.

IV. Discussion

Single probes provide a reasonably good indication of the
temperature of the bulk of the Maxwellian-electron distribution,
but can be insensitive to distortions of the distribution at higher
temperatures or energies. A qualitative indication of this effect
can be obtained from the floating potential. Figure 14 shows the
floating potential of a probe scan inside the cathode and relative
to the cathode potential for our nominal 25 A, 5.5 sccm case.
We see that the floating potential jumps sharply in the orifice
region where the double layer is found, and also falls below zero
upstream of the insert. In the bulk of the cathode plasma, the
floating potential is about 2.2 eV. Assuming the electron
distribution is a pure Maxwellian, the floating potential can be
found by equating the ion current to the probe from Eq. 1 with
the random electron current to the probe given by

' elV, -
Figure 13. Cathode spot for 25 A discharge I, = lnc 8kT, A exp ( P ¢) ,
for 5.5 scem (top) and 10 scem (bottom). 4 Y am kT,

(2)

where the floating potential relative to the plasma potential is V= (V,-¢). Solving for the floating potential (relative
to the plasma potential) gives

am11/2
—] : (3

For xenon, the floating potential from Eq. 3 is 5.97T, negative
relative to the plasma. From Fig.11, the plasma potential in the
peak region in the insert for this case is about 13 eV and the
electron temperature is 3 eV. From Eq. 3, we would expect the
floating potential to be 17.9 V below the plasma potential,
which would be -4.9 V relative to the cathode potential. This is
clearly inconsistent with the data of Fig. 14 where the floating
potential is +2.2 V relative to cathode potential. If Eq. 3 is | _ _ _ .
correct, the electron temperature would have to be 1.8 eV. This ! o5? 1 2 4
discrepancy can easily be explained by a depletion of the tail of . 4l —

the electron distribution function. Since the first ionization and Position relative to orifios srtsrance, cm
excitation energies for xenon are both just above 10 eV, we Figure 14. Cathode probe floating potential
might expect that the highly collisional plasma in the cathode  versus position.

insert region could deplete the tail above 10 eV. This tail-

Floating potential, V
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depletion effect has been directly observed in other xenon plasmas’ where the collision mean free paths are
significantly shorter than the plasma dimensions. Since the floating potential is very sensitive to the high-energy
electron content, a depleted tail will result in more positive floating potentials consistent with the data in the cathode
plasma. A non-Maxwellian electron distribution function complicates the cathode modeling considerably.

In these experiments, the shape of the anode
25 electrode strongly affected the discharge voltage.
The original cylindrical anode produced typically 16
to 17 V discharges at the nominal 25 A and 5.5
sccm. Installing the conical anode geometry raised

15 the anode voltage to 25 to 26 V, and produced the
potential profiles previously shown in Fig. 10. The
0 potential and temperature profiles in the cylindrical

Plasma Potential or
Temperature, V

anode case at 25 A and 5.5 sccm are shown in Fig.
15. We see that the plasma potential in the cathode
insert and orifice regions is essentially unchanged.
Modification of the anode geometry did not affect
the basic cathode operation because these potentials

9 8 -7 6 5 -4 3 -2 -1 0 1 2 3
Position relative to orifice entrance, cm

Figure 15. Plasma potential and electron temperature
for the nominal 25A case with the cylindrical anode.
The potential in the orifice region transitions rapidly to
the anode plasma potential, which is essentially

and temperatures are sufficient to deliver the desired
discharge current at the given cathode flow rate.
The anode geometry changes modify only the
potential exterior to the cathode in the anode-plasma

region. The plasma potential in the cylindrical
anode region is about 4 V positive relative to the
anode potential, and is relatively flat over the scan range. The conical anode also showed 3 to 4 V plasma potentials
above the anode voltage, but the discharge required higher voltages to generate the anode plasma and conduct the
current the anode. This is likely because the gas density is significantly lower in the anode region in the conical
anode case. This implies that larger thrusters with anodes significantly away from the cathode will probably require

uniform on axis along the length of the anode tube.

higher cathode flow rates to operate at the same discharge voltages as small thrusters.

20

=0.5mm off-axis 25
=1mm off-am: f

B=50 Gauss

Plasma Potential

Plasma Potential or Temperature,
4
q

-3 1 2

Position rei:tive to orifice eontrancs, cm
Figure 16. Plasma potential and electron temperature
for the nominal 25A case with 50 G applied magnetic
field. The smaller plume size near the keeper makes
the anode probe misalignment more critical.

Applying an axial magnet field is observed to
change the plasma characteristics considerably. The
plasma density increases by a factor of typically 1.5
to 2 throughout the probed region, and the plasma
appears visually much brighter. Figure 16 shows the
plasma potential and electron temperature in the
vicinity of the orifice plate for our nominal case of
25 A and 5.5 scem, but with 50 Gauss (at the orifice)
of applied magnetic field from the coil. The
discharge voltage for this case increased about 2 V
from the nominal to 29 V. Application of a
magnetic field affects the plasma potential even
inside the cathode where the plasma is very
collisional. Compared to the no-applied field case,
the peak plasma potential inside the cathode
increases 1 to 2 V and the potential in the
orifice/keeper regions increases by about the same

amount. However, the cathode plume plasma
appears to be more peaked on axis in the magnetic field case, and small misalignments of the anode probe result in a
significant mis-match in the data. In this case, the probe was re-aligned after the initial data to be near the minimum
radial error, and the anode-probe potential was found to approach better the cathode probe data. It is clear that radial

" probe data will have to be taken in the axial field case to fully understand the profiles.

Finally, the hollow cathode showed clear indications of both long-term and short-term conditioning. When first
turned on, the discharge voltage was observed to decrease slowly over several hundred hours and then stablize. If
exposed to air for any significant time, the discharge voltage at a given flow would increase 2 to 3 V, and then
require on the order of 10 hours to fully recover. The probe data showed that the plasma potential inside the insert
region tracked the discharge voltage. This is consistent with the work function depending on conditioning and on
the history of the cathode surface. Environmental effects that might raise the work function are handled in the “self-
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heating” system by the plasma increasing the power delivered to the cathode, which increases the temperature to
sufficient levels to produce the required electron emission. The higher plasma potential inside the cathode raises the
sheath voltage and ion bombardment energy, and the resistive drop radially also heats the plasma which delivers
additional energy to the surface from tail-electrons overcoming the retarding sheath. This conditioning and history
dependence is being studied further at this time to determine its impact on the life and reliability of hollow cathodes
used in ion thrusters.

V. Conclusion

Probe studies of hollow cathode discharges have provided considerable insight into the plasma potential, density
and temperature structure though the system. Fast scanning probes are extremely useful in obtaining this data in
regions of the discharge too intense for slow or stationary probes. This work has demonstrated the potential
structure in hollow cathode discharges varies significantly with time, discharge current, flow rate, anode geometry
and cathode geometry. The ion energy and fluxes bombarding the different surfaces are impacted by all these
effects, and modeling of these parameters will continue to need data such as this for benchmarking. Since the data
presented is here only for a single hollow cathode geometry, future work will also expand the parameter and
geometry space to help construct a comprehensive model of the hollow cathode discharge. Of additional interest is
the lack of evidence for very high energy primary electrons in the discharge and for large potential hills near the
cathode exit that could produce the primaries or high energy ions observed in some hollow cathode discharges. It
has been suggest that these effects may have been reduced or eliminated by the relative low current density in the
large orifice used in these experiments. Future experiments on smaller cathodes and different discharge conditions
will examine these effects.
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