JOURNAL OF PROPULSION AND POWER
Vol. 19, No. 3, May—June 2003

Low-Current, Xenon Orificed Hollow Cathode
Performance for In-Space Applications
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An experimental investigation of the operating characteristics of 3.2-mm-diam orificed hollow cathodes was
conducted to examinelow-current and low flow-rate operation. Cathode power for self-sustaining keeper operation
was minimized with an orifice aspect ratio of approximately one or through the use of an enclosed keeper. For
spot-mode emission cathode flow-rate requirements were proportional to orifice diameter and the inverse of the
orifice length. The minimum power consumption in diode mode was 10 W, and the minimum mass flow rate
required for spot-mode emission was approximately 0.08 mg/s. Cathode temperature profiles were obtained using
an imaging radiometer, and conduction was found to be the dominant heat-transfer mechanism from the cathode
tube. Orifice plate temperatures were found to be weakly dependent upon the flow rate and strongly dependent

upon the current.

Nomenclature
AR, = cathode with an orifice aspectratio of x
D, = orifice diameter, m
L, = orificelength, m
X = orifice aspectratio

Introduction

LTHOUGH state-of-the-art electric propulsion systems pro-

vide a systems mass advantage compared with chemical
thrusters for stationkeeping and primary propulsion applications
on satellites with several kilowatts of power generation, a need
remains for performance improvements in subkilowatt propulsion
systems for small satellites.! The performance of sub-500-W ion
and Hall thrusters depends heavily upon the power and propellant
consumed by the hollow-cathode neutralizer'; the cathode in the
Hall thruster performs the functions of both main discharge cathode
and beam neutralizer. Patterson and Oleson! reported that a state-
of-the-art neutralizer for a 100-W ion thruster could degrade the ef-
ficiency by up to 20% and reduce the specific impulse by as much as
2000 s. Optimization of low-current hollow cathodes is also sought
for plasma contactor applications. In general, spacecraft applica-
tion of hollow-cathodetechnology demands minimization of power
and propellantconsumption while maintaining a lifetime of several
years demonstrated by state-of-the-artdevices used in ion thrusters
and for the International Space Station. To develop design tools,
an initial experimental investigation was conducted using labora-
tory model cathodes to determine the similarities and differences
of low-power hollow-cathode operation with previous studies>~*
This paper reports the results of the experimental investigation of
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laboratory model 3.2-mm-diam orificed hollow cathodes for low-
current applications.

Background

Orificed hollow-cathode technology, used extensively in ion
thrusters since the late 1960s, was brought to flight level matu-
rity with xenon propellant as part of the International Space Station
program?>:® During the hollow-cathodelife validation program, as-
sembly and operating procedures were developed, which enabled
operationin a dc discharge to 28,000 h.® The major operating pro-
cedures that led to the extended life of the cathode are a prescribed
operating temperature regime and maintenance of electron emis-
sion in spot mode. Operation at orifice plate temperatures below
1300°C was chosen as an operational limit for these experiments to
be consistent with practices proven to enable lifetimes greater than
10,000h. The cathodetip temperature has been consideredthe most
representativeand readily observable temperature that relates to the
insert temperature ? If the temperatureis too high, the bariumin the
insert evaporates more quickly than it can be replenished through
diffusion, and the discharge becomes unstable; low temperatures
are insufficient to drive the diffusion of barium and barium oxide
at a rate that sustains the low work function surface of the emitter.
Because the lower limit represents a nondestructive condition, the
cathodes in this investigation were operated at as low of an orifice
plate temperature as stable operation permitted. Only the lifetime
of the cathode is addressed in this study, and the lifetime of other
components such as the heater and keeper must also be considered
in the design of the hollow-cathode system.

Spot and plume modes are the two major electron emission
regimes generally considered in orificed hollow-cathode design.
Spot-modeemissionis characterizedby a low couplingvoltageto an
anode, negligible ac components of the discharge voltage and cur-
rent,and abrightplasmaspotatthe cathodeorifice plate. Conversely,
plume-mode emission is characterized by a somewhat increased
coupling voltage to an anode, large ac components of the discharge
voltage and current, and a distributed plasma plume downstream of
the cathode. The phenomenacomprising plume-modeemissionlead
to increased wear on the cathode orifice plate caused by energetic
ion bombardment. The life-limitingnature of plume-mode emission
led to the decision to operate the plasma contactorin spot mode, and
the success of the 28,000-h hollow-cathode life test validated this
design decision; the cathode failure was attributed to depletion of
the available barium and barium oxide in the insert, whereas the
orifice plate wear was modest.
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Low-current orificed hollow cathodes were developed to flight-
ready or near flight-ready status previously$~!! In the Ion Auxiliary
Propulsion System program 3.2-mm-diam orificed hollow cathodes
were operated with mercury propellantat a mass flow of 0.013 mg/s
and power ranging from 6 to 7.5 W for the neutralizer keeper®-’
More recently, xenon hollow cathodes have been developed for low
currentapplicationswith flow rates and power consumptionranging
from 0.02 to 0.08 mg/s and 8 to 14 W, respectively, for discharges
to the keeper only.!*!! The presentinvestigation sought to examine
the relevant geometrical factors in the cathode that would enable
improvement of the flow rate and power consumption for space
applications.

Experimental Apparatus

Because the lifetime of orificed hollow cathodes is achieved
through known operating and design considerations, the present
investigation focused on improvements in the power and propel-
lant consumption of low-currentdevices. The hollow cathodes used
in this investigation were designed and fabricated based on exist-
ing hollow-cathodeand plasma contactor procedures.!* Becuase the
cathodes were laboratory models, a number of the specifications and
inspection procedures required for flight hardware were either re-
laxed or omitted. The authorsattemptedto follow the flighthardware
procedures when it was reasonable to do so in order to facilitate the
transition from laboratory models to flight units.

Hollow-Cathode Design

An engineering schematic of the 3.2-mm-diam hollow cathodes
is presented in Fig. 1, and the identifying characteristicsof the var-
ious cathodes tested are listed in Table 1. The orifice diameter for
the AR6-A and AR6-B cathodes was chosen based on the Kaufman
criterion of 12 A/mm of orifice diameter, and the dimensions re-
ported in this work are normalized to the diameters of AR6-A and
ARG6-B." The orifice length was chosen by combining machining
considerations with numerical results obtained from the model by
Mandell and Katz.!* The resulting orifice had a length-to-diameter
L,/D, aspectratio of approximatelysix, and the two cathodes made
with this type of orifice are referred to as AR6-A and AR6-B. Cath-
odes with orifice aspect ratios of approximately three (AR3-A) and
one (AR1) were also constructed. A cathode with an aspectratio of
three (AR3-B) was constructed with an orifice diameter 60% that

Table 1 Cathode geometry and configuration (orifice plate
dimensions normalized by the ARG orifice diameter)

Normalized Normalized Keeper Secondary

Cathode orifice diameter orifice length type anode

AR6-A 1.0 5.6 Open No

AR6-B 1.0 5.6 Open No

AR3-A 1.0 3.2 Open and  Yes, for plasma;
mesh property tests

AR3-B 0.6 1.8 Open No

ARI1 1.0 1.4 Open No

OK6 1.0 5.6 Open No

EK6 1.0 5.6 Enclosed  Yes

Leg Holder
Insert Legs
Cathode Tube

Cathode Insert

Heater and Radiation Shields
Orifice Plate

Keeper

x<0 x=0 x>0

Fig. 1 Schematic of the laboratory model cathodes.

of the AR6 cathodes and hence lower current-carrying capability.
Finally, a third cathode with orifice plate dimensionsidentical to the
ARG cathodes was constructed for tests in both enclosed (EK6) and
open keeper (OK6) configurations; an enclosed keeper consists of
a cylindrical tube with an orifice plate that houses the cathode. The
cathode tube for EK6/OK6 was approximately 50% longer than the
ARG cathodes. The keeper orifice diameter and gap were held con-
stantin this investigationat normalized valuesof 17.6 and 7.7 orifice
diameters, respectively. The inserts used in this investigation were
commercially available low-work function emitters made of porous
tungsten impregnated with a 4:1:1 molar ratio of BaO-Al,0;-MgO
(Ref.5). The normalized inner diameter and length were 9.4 and 98,
respectively.

Facilities

All of the facilities used in this investigation were cryopumped
with base pressuresin the high-10~° Pa range. During cathode oper-
ation, the tank pressurein the facilitiesvariedfrom3to 11 x 1073 Pa,
corrected for xenon. In each case high-purity xenon was supplied
to the cathode through a flow system accurate to within £7-ug/s
based upon bubble flow-meter calibrations.

Cathode Performance

When attempting to assess experimentally the effects of varying
the orifice geometry on the performance of hollow cathodes, the
ideal techniqueis to change only the orifice plate. This was done by
Siegfried,? using a slide valve with three orifice geometries. The
experiment was conducted on a mercury hollow cathode, and the
aspectratios (L,/D,) of the orifices were negligibly small in com-
parison with those considered in the current investigation. In the
presentinvestigationseparate assemblies were fabricated and tested
so that the cathodes could be easily integrated with thrustersto eval-
uate system performance. To validate that the observed changes in
performance were caused by orifice geometry changes, it was nec-
essary examine the operating variance between cathodes fabricated
to identical specifications.

For reference, the work on the Space Station Plasma Contactor
(SSPC) has demonstrated variances of £0.5-V above 0.7 mg/s of
Xe, increasing to approximately £1.0-V around 0.5 mg/s (Ref. 12).
The flow rate where the spot-to-plume mode transition occurred ap-
peared to be invariant.!? Sarver-Verhey® demonstrated that over the
life of a 6.4-mm-diam cathode the operating voltage for a given flow
rate and current varies by approximately =1.0 V. The fluctuations
referred to here occur over many tens of thousands of hours.

The voltage flow-rate characteristics of two mechanically identi-
cal cathodes, AR6-A and AR6-B, at 1.25 A are presentedin Fig. 2.
The spot-mode voltages were within 1.5 V from unit to unit, and the
transition flow rate varied by as much as 40 ng/s. These variances
were typical of those observed throughout the range of operating
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Fig. 2 Performance variance at 1.25 A for two mechanically identical
hollow cathodes.
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conditions evaluated. The keeper voltage fluctuations for individ-
ual cathodes were examined over the course of tens of hours and
were found to be on the order of 0.2 V when operated at constant
current and flow rate. Inspection of Fig. 2 shows that the variance
between subsequentcharacterizationswas on the order of 0.2 V. The
transition flow rate generally increased with time. This effect was
attributed to an increase in the orifice diameter, and comparison of
microscopic images of the orifice supported this conclusion. Given
that similar fabrication and operating procedures were employed
with both the 3.2-mm-diam hollow cathodes and the SSPCs, the
variance exhibited in Fig. 2 was taken to be a reasonable represen-
tation of the performance variance expected with these cathodes.
Consequently, the unit-to-unit voltage and transition flow-rate vari-
ances were taken to be £1.4 V and £25 pug/s.

Minimizing Power in a Diode Discharge

Most of the experiments reported in this paper involved diode
discharges between a hollow cathode and a keeper, and cathode
power was defined as the product of the cathode-to-keepervoltage
and current. By focusing on a diode discharge, comparison between
the performance of the hollow cathodes was straightforward. This
approach assumes that the total emission current, the sum of the
keeper and secondary anode emission currents, dominates the con-
ditions at the cathode, regardless of the distribution of the current
to the anodes. The tests were conducted by varying the flow rate at
constant current.

Figure 3 illustrates a typical performance characterization. The
performancecharacterizationswere conductedatintervalsof several
tens of hours of operationto obtaina more representativeassessment
of the cathode operating regimes than from a single characteriza-
tion. Detailed information on the cathode performance appears in
Domonkos et al.!>!® The portion of the curves where the voltage is
only weakly dependentupon the flow rate is considered spot mode.
The power spectra of the spot and plume mode voltage for AR3-A
appearin Fig. 4. The magnitude of the voltage oscillationsappeared
to be limited only by the output capability of the power supply.
Analysis of the power spectra of the data in Fig. 4 revealed the ab-
sence of any dominant frequencies in the spot mode data, whereas
the plume mode data exhibited prominent frequencies at several
megahertz. The frequencies observed in plume mode were of the
same order as the ion plasma frequency in the cathode-to-keeper
gap.’

AsFig. 3 shows, fora given currenta certain minimum flow rate is
required to maintain spot-mode emission. Cathode power consump-
tion at the minimum flow-rate condition for spot-mode emission is
plotted as a function of the discharge current in Fig. 5. When com-
paring AR1, AR3-A, and AR6-B, the smallest aspect-ratiocathode
consumed the least amount of power at a given current. Although
this result was expected because power scales with orifice length
according to Ohms law, AR3-A and AR6-B operated at roughly
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Fig. 3 Performance characteristics of AR1 after 60 hours of operation.
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Fig. 5 Power consumption at the spot-mode minimum flow rate.

equal power levels throughout the range of currents. This result
suggests that the change in power consumption with orifice length
occurs more rapidly at small aspect ratios. The power consumption
for AR1 was the lowest of all of the cathodes tested. Changing the
orifice diameter resulted in a negligible change in the power con-
sumption, as evidenced by Fig. 5. The use of an enclosed keeper
reduced the power requirement on the order of 5-10% over the
open-keeper configuration. Because the enclosed keeper provides
a superior radiation environment, the small improvement in power
consumptionby using the enclosed keeper suggests that conduction
was the dominant heat-transfer mechanism for the cathode tube; if
the cathode were radiating strongly, the enclosed keeper would im-
prove the performance more significantly than observed. The results
of the thermographicinvestigationssubstantiatethis finding and are
presented later.

The flow rate required for spot-mode emission, plotted in Fig. 6,
also strongly influences efficiency in low-power thrusters. The
model by Mandell and Katz'* predicts thation productionwithin the
orifice, and consequently ion flux out of the orifice, increases with
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Fig. 6 Spot-to-plume mode transition flow rates.

orifice length for a given diameter and flow rate. As the orifice length
is increased, the electron temperature in the orifice also increases
as a result of ohmic heating."* The elevated electron temperature
and increased channel length facilitate ionization. The transition
to plume mode operation occurs when the ion production in and
near the orifice is insufficient to maintain charge neutrality in the
cathode-keepergap. Figure 6 shows that the model predictions were
consistent with the trends observed for aspect ratios between 1 and
6. The AR6-B and AR3-A cathodes appeared to transition at ap-
proximately the same flow rates, suggesting diminishing returns in
optimizing the transition flow rate by increasing the orifice length.
Indeed, one must also consider the ion losses as the orifice aspect
ratio is increased. The results in Fig. 6 demonstrated the expected
trend that as orifice diameter decreases the flow rate required for
spot-mode operation also decreases. The increased current density
within the orifice facilitatesion production and emission, maintain-
ing the discharge. The transition flow rate was less for the open-
keeper configuration than for the enclosed keeper. This result sug-
gests that the increased neutral density in the cathode-to-keepergap
of the enclosed-keeper configuration leads to increased electron-
neutral and ion-neutral collisions and impeded ion transport.

Electron Emission Characteristics

A secondary,planar anode 48 mm in diameter was placed 60 mm
downstreamof EK6 to assess the electron emission capability of the
3.2-mm-diam hollow cathodes. The flow was set to the minimum
for spot-mode operation in a diode discharge, and the secondary
anode was biased with respect to the cathode. The resulting char-
acteristics are shown in Fig. 7. Despite decreasing flow rates, the
emission current scaled with the keeper current. Additionally, cur-
rent saturation appeared to set in at a bias of approximately 20 V.
This result implies that the current conduction is predominantly a
function of electron number density. Because the mesh keeper and
orifice geometry were expected to contribute weakly to the change
in emission current, the effect of increasing the flow at 0.75 A to the
keeper was established; an increase of 35% flow-rate increase led
to a 100% increase in the emission current.

Cathode Temperature Distribution

By understanding the dominant heat-transfer mechanisms, im-
provementof the cathode thermal isolation, and thereby power con-
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Fig. 7 Electron emission current for EK6 at several operating points
exhibiting saturation at approximately 20 V.

sumption, is facilitated. A model developed by Salhi® considered
cathode operation in the limit of high power density where elec-
tron cooling was the only significant cooling mechanism. Because
the focus of the present investigation was cathode operation in the
limit of low-power density, additional cooling mechanisms were
evaluated to determine their importance to the energy balance. A
thermographic investigation was conducted to provide experimen-
tal data describing the significant heat-transfer mechanisms at low
current.

Themographic Diagnostic Description

The experimental proceduresare summarized here, and a detailed
description of the thermography diagnostic appears in Domonkos
etal.'® Animaging radiometer with 8-bit range scanned the infrared
emissions from 8—12 um. A close-up lens was used to enhance the
resolutioncapabilities. Type-R thermocoupleswere used to calibrate
the radiometer output. Type-R thermocouples consist of platinum
and platinum 90%/rhodium 10% wires welded to each other at the
ends. The ANSI tolerances for type-R thermocouples are +1.4°C
from 0 to 538°C and £0.25% from 538 to 1482°C (Ref. 19). Sys-
tematic errors in the thermocouple measurements were most likely
tooccuras aresultof poorthermal contact with the cathode material.
To minimize the error caused by contactthermal resistance, the ther-
mocouples were spot welded to the cathode surfaces. In the worst
case for the thermocouple attached to the orifice plate, the power
conductedaway from the site was on the order of 1000 times smaller
than the discharge power and comparable to the radiative compo-
nent in the absence of the thermocouple?® Consequently the ther-
mocouple data had an estimated uncertainty of less than 1%. The
temperature distributions reported here are for a line parallel to
the cathode axis. A slit was cut in the enclosed keeper so that the
cathode surface temperature could be monitored. The slit width was
approximately 10% of the keeperdiameter to permit the cathode sur-
face to be viewed while minimizing the perturbationto the thermal
environment.

Infrared Imagery Derived Results

The degree to which the temperature profile deviates from linear-
ity indicates the relative importance of radiation heat transfer with
respect to conduction. Several of the temperature profiles acquired
in this investigation are plotted in Fig. 8, based on the coordinates
illustrated in Fig. 1. The data markers represent the calibration lo-
cations for the thermocouples. All of these data were taken in a
diode discharge with the keeper. At 0.50 A the shape of the pro-
files appeared similar upstream of the heater radiation shields. The
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Fig. 8 Axial temperature profiles for the open- and enclosed-keeper
configurations.

enclosed-keepercathode operated approximately 100°C warmer at
the tip. The slopes and slope changes in the profiles for both the
open and enclosed configurations are approximately equal beyond
—12 mm upstream. Estimates limited the radiative transfer to a
peak value of 0.4 W/cm of axial length at —12 mm, and the temper-
ature drop along the length of the cathode limited the total radiative
power to a few tenths of a watt, typically. Calculations showed that
the conductive heat loss was several watts. Consequently, thermal
conduction was found to be the dominant heat-transfermechanism
in the upstream section of the tube at low current. The resolution
of the camera was insufficient to determine accurately the profile at
the cathode tip. At 1.25 and 1.50 A the enclosed-keeper upstream
profiles were noticeably more linear than the open-keeper distri-
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Fig. 9 Pyrometer-observed orifice plate temperatures for several
geometries.

butions. By limiting the radiative transfer, the use of an enclosed
keeper simplifies the problem of cathode optimization; minimiz-
ing the heat losses is accomplished by limiting thermal conduc-
tion. The profiles on the heater shield and the cathode tip tem-
peratures followed the same trends as the upstream cathode tube
temperature distribution throughout the range of currents tested.
As is shown in the next section, the temperatures were weakly de-
pendent upon on the flow rate, and the data presented in Fig. 8
were representative of the distributions at all of the flow rates
tested.

Tip Temperature Variations with Cathode Geometry

A disappearing filament optical pyrometer with emissivity cor-
rection was used to determine the orifice plate temperatures. The
variation of the orifice plate temperatures with geometry, current,
and flow rate is presented in Fig. 9. The temperature was observed
to scale in proportion with the aspect ratio. As the aspect ratio
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increases, the power loss in conducting current through the orifice
also increases, leading to the observed temperature differences. A
reductionin the orifice diameter led to a curtailed operating regime.
The AR3-B cathode was limited to approximately% of the maximum
current of AR3-A. Figure 9c shows the orifice plate temperatures
for EK6 and OK6 as a function of flow rate for three currents. In
all cases the enclosed keeper operated at higher temperatures than
the open keeper. Most of the data in Fig. 9 showed a slight increase
in temperature at the onset of plume mode, the lowest flow rate for
each curve. The contributing factors are the bombardmentof the ori-
fice plate by ions created in the cathode-keeper gap and increased
power depositionto the anode, thereby altering the thermal radiation
environment.

Discussion of Low-Current
Hollow-Cathode Applications

Given the preceding presentation of the state of hollow-cathode
development, it is useful to consider the ways in which these cath-
odes fulfill the requirements of low-power electric propulsion sys-
tems. [on thrustersin the 100-300 W range consume approximately
0.15-0.29 mg/s of xenonin the dischargechamber, whereas compa-
rable Hall thrusters require 0.49-1.46 mg/s. (Ref. 21). In each case
the neutralizer flows of 0.08-0.25 mg/s in this study substantially
reduce the specific impulse and efficiency, and the keeper discharge
power consumes a more significant fraction of the total when com-
pared to kW-class thrusters. Patterson and Oleson' have shown that
a neutralizer cathode operating at and above 0.05 mg/s will reduce
the efficiency of a 100-W ion thruster by up to 30%. Additionally,
the power consumed between the cathode and keeper is on the order
of 10% of the thruster power for the cathodes tested in this investi-
gation. Hall thrusters can be operated without a keeper, mitigating
the power loss in this discharge. When the emission current of the
cathode is expected to be less than 1 A, such as the neutralizer for a
low-power ion engine or the cathode for a sub-200-W Hall thruster,
operation with a keeper electrode might be necessary to sustain the
discharge. The performance of the hollow cathodes tested in this
investigationindicates the need for cathodes optimized for the low-
power role. The findings of this investigationrevealed that cathode
optimizationis approachedthrough the design of the orifice, keeper,
and cathode tube, and further improvements for space applications
are left to future work.

Conclusions

This paper described an extensive experimental investigationtar-
geting the operational and mechanical drivers that determine the
effectiveness of hollow cathodes for low-power electric propulsion.
Five separate 3.2-mm-diam orificed hollow cathodes were designed
andtested in a number of differentconfigurations. After establishing
the performance variance between mechanicallyidentical cathodes,
power and expellant consumption were evaluated for several dif-
ferent orifice and keeper geometries. Power consumptionincreased
with orifice length, while the minimum flow rate decreased. Both of
these findings were predictedby the model describedin Ref. 14. The
use of an enclosed keeperreduced the power consumption;however,
the minimum flow rate was observed to increase.

The behavior of the cathode external temperatures was also stud-
ied to determine the important heat-transfer modes. Conduction
dominated the heat transfer from the emission zone. The condition
was more pronouncedwhen an enclosed keeper was used. This con-
clusionmeans that cathode performanceat low power can be readily
improved by choosing materials with a low thermal conductivity for
cathode construction.

The performance of the cathodes used in this study was com-
parable to other 3.2-mm-diam cathodes reported in the literature.!!
Nevertheless, further optimizationis likely necessary to enable sub-

500-W ion and Hall thrusters to yield benefits for small satellites
similar to those realized in larger craft. The cathode orifice, tube,
and keeper design all contribute strongly to the performance of the
cathode, and further optimization of the 3.2-mm hollow cathodes is
left to future work.
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