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Model of Plasma Contactor Performance
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A hollow cathode-based plasma contactor will be � own on the international space station to control the station’s
potential to within 40 V of the local ionosphere. Extensive testing of the plasma contactor has been conducted in
vacuum facilities at the NASA Lewis Research Center. Signi� cant performance differences were observed between
tests of the sameplasmacontactor in different facilities. Why measured plasmacontactorperformancediffers in the
laboratory in different tank environmentsand how the plasma contactor performance measured in the laboratory
relates to expected performance in space is addressed. Presented are models of plasmacontactorplasma generation
and interaction in a laboratory environment, including anode area limiting. These models were integrated using
the Space Station Environment Work Bench to predict plasma contactor operation, and the results are compared
with the laboratory measurements.

Nomenclature
F = gas � ow rate, standard cubic centimeter per minute
ID = total ori� ce electron current, A
Iemission = ori� ce current emitted, A
Ikeeper = keeper electrode current, A
Iloss = ion loss rate, A
Imax = maximum possible electron current, A
Iprod = total ion production rate, A
Je = electron current density, A m 2

L = ori� ce length, m
m = neutral atom mass, kg
me = electron mass, kg
m i = ion mass, kg
Nn = neutral density, m 3

r = ori� ce radius, m
Wconv = power loss by electron convection, W
Wion = power loss by ionization,W
Wrad = power loss by radiation, W

e = ori� ce electron temperature, eV
i = ion temperature, eV
in = insert region electron temperature, eV
n = neutral gas temperature, eV

= electrical conductivity,ohm m 1

ion = ionization cross section, m 3

rad = inelastic cross section, m 3

p = electron plasma frequency, rad s 1

Introduction

T HE solararrayson theinternationalspacestation(ISS)generate
up to 160 V. The negative terminalsof the arraysare connected

to the space station ground. Because the solar arrays collect elec-
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trons from the ionosphere, the array voltage will drive the space
station ground over 100 V negative with respect to the ionosphere.1

Laboratory tests have shown that at these voltages, space station
anodized coatings would arc, and their thermal control properties
would degrade.2 4 To prevent this arcing, a hollow cathode-based
plasma contactor (PC) will be � own on the ISS to control the sta-
tion’s potential within 40 V of the local ionosphere. The hollow
cathode is based on ion thruster neutralizer technology developed
by the On-Board Propulsion Branch of the NASA Lewis Research
Center (LeRC). Extensive testing of the PC has been conducted in
vacuum facilities (VF) at NASA LeRC. Signi� cant performance
differences were observed between tests of the same PC in VF 5
and VF 11. This paper addresses why measured PC performance
differs in the laboratory in different tank environments. A model
of PC plasma generation5 and interaction, including anode limit-
ing and plume expansion,has been integrated into the Environment
Work Bench (EWB)6 to predict PC operation both in the labora-
tory and in space. Calculations show that the results obtained in
VF 5 and VF 11 are both consistentwith the PC plasma generation
model.

VF 11 and VF 5 Measurements
The ISS PC is being designed to emit up to 10 A of electrons

into the ionosphereat a potentialdifferencebetween the ionosphere
acting as anode and the PC cathode, commonly referred to as the
clamping potential, of less than 20 V. Tests of a prototype enclosed
keeper hollow cathode PC were conducted in VF 5. VF 5 is a very
large steel vacuum chamber whose walls, acting as the anode here,
make a good electrical contact with the PC-generated plasma. The
tests showed that the clamping potential requirementwas easily met
with a 6.0-standardcubiccentimeterper minute (sccm) � ow rateand
2.0 A � owing in thecircuitbetween thecathodeinsert and the keeper
electrode.The currentin this circuit is designedto keep thedischarge
alivewhennoothercurrentsare � owing.Higher keepercurrentspro-
vide additionalionizationand increasedemissioncurrentcapability.

VF 11 is a smaller chamber made from aluminum. Aluminum
oxide forms on the walls and prevents a good electrical contact
with the PC-generated plasma. Stainless steel anode plates line the
chamber walls to enable electrical contact with the plasma. The
stainless steel plates cover more than 70% of the chamber walls.
Tests of the PC in the VF 11 chamber resulted in anode potentialsin
excessof 20 V for all emissioncurrentsabove5 A, evenwith a 3.0-A
keeper current. Subsequent measurements of plasma potentials in
VF 11 showed that the potentialbetween the PC and the surrounding
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plasma was less than 20 V. The additionalpotential drop was across
the sheath surrounding the stainless steel anode plates.

Both chambers are specially designed for testing electric propul-
sion systemsand havevery large cryopumps.Facility pressuresdur-
ing PC operation were consistently below 10 5 torr for both tanks.
In the following we discuss the reason for the difference in anode
potentials in the two chambers and present an analysis procedure to
extrapolate the laboratory PC test results to predict on-orbit perfor-
mance.

Review of PC Plasma Generation
Figure 1 shows the typical dimensions of a hollow cathode PC

for space applications.Though the entire device is fairly small, the
ori� ce through which the insert region communicates with the ex-
ternal space is an order of magnitude smaller still. As this region
has an extremely high-current density, processes taking place in
the ori� ce region govern the amount of plasma � owing from the
device.

The operation of hollow cathodes has been investigated in the
laboratory.5 Previous studies7 9 have analyzed the physical pro-
cesses inside the hollow cathode, which lead to electron emission
from the insert. We present a simple model of the ionization and
energy balance in the ori� ce of a hollow cathode.The model is con-
sistent with previous models of the physics interior to the hollow
cathode but investigates in more detail what occurs within the tiny
ori� ce region.

Model of Ori� ce Processes
The ori� ce is so small that, although it is many times larger than

the plasma debye length, it extends for only a few mean free paths
for electrons,ions, or neutrals.Therefore, it is reasonableto treat the
ori� ce as a cylinder containinga homogeneousneutral plasma with
a thin wall sheath. Known are the gas � ow through the device; the
total discharge current through the ori� ce, ID ; and the temperature
of the electrons entering from the insert region in. The discharge
current ID is the sum of the emission current and the keeper current.
We will calculate the electron temperature and plasma density in
the ori� ce, the plasma output of the device, the voltage required
to sustain the discharge current through the ori� ce, and the energy
budget of the ori� ce region.

Fig. 1 Typical dimensions of a hollow cathode for space applications.

Fig. 2 Magni� ed view of the cylindrical ori� ce region as modeled.

Electron Temperature
Figure 2 shows a schematic view of the ori� ce region with xenon

atoms and electrons entering from the insert region; xenon ions
� owing back to the insert region; electrons,xenon atoms, and xenon
ions being emitted to the external plasma; and xenon ions recom-
bining at the ori� ce walls to form xenon neutral atoms. To have a
steady-stateplasma in the ori� ce, the electrons must be suf� ciently
hot to create ions at a rate equal to the loss of ions to the ori� ce wall
and by � ow out the ends. We assume the following in the ori� ce.

1) The neutral gas density Nn is known.
2) The electron energy distribution is Maxwellian with tempera-

ture e .
3) The ions are accelerated toward the ori� ce boundaries by

quasineutral electric � elds. We approximate this by assuming
i e .

4) The plasma is quasineutral, so that ni ne n.
For a cylindrical ori� ce of radius r and length L, the ion produc-

tion rate in amperes, Iprod, is given by

Iprod r 2 L 4 ion e Je Nn (1)

where ion e is the thermally averaged cross section for elec-
tron impact ionization of xenon10 found by integrating the energy-
dependentcrosssection over a Maxwelliandistribution.For temper-
atures up to several electron volts, the temperature-averagedcross
section is well � t by

ion e 3 97 0 643 e 0 0368 2
e e 12 127 e 10 20 m2

(2)
Je i is the electron or ion thermal current density

Je i ne
e e i

2 m e i

1
2

(3)

The neutral density is calculated by assuming the � ow rate equals
the thermal � ux through the ori� ce cross-sectionalarea,

r 2 eNn e n 2 mn
1
2 0 0718F II (4)

where II is the ion output of the device in amperes. The ion loss rate
is given by

Iloss 2 r r L Ji (5)

SolvingEqs. (1–5) resultsin an electrontemperaturein theori� ce of
about 2 eV for a wide range of hollow cathode parameters. Figure 3
shows electron temperature in the ori� ce as a function of gas � ow
rate. The two curvescorrespondto ion temperatureof 0.1 eV (lower
curve) and ion temperature equal to electron temperature (upper
curve). In the limiting case where the ion production is negligible

Fig. 3 Ori� ce electron temperature in the ori� ce as a function of gas
� ow rate.
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compared with gas � ow, the electron temperature is independentof
plasma density and depends only weakly on the gas � ow rate and
the ion and neutral temperatures.

Electrical Resistance
Plasma conductivity is given by

0
2
p

2
p ne2

0me (6)

where is the effectivescatteringrate for conduction.The scattering
rate is the sum of 1) electron-ion scattering

ei 2 9 10 12 ne

3
2

e (7)

and 2) electron-neutralscattering

en 5 10 19 Nn e e m
1
2 (8)

The quantity , the coulomb logarithm, given by

30 1
2

ne
3

e (9)

is about 7 for the ori� ce conditions. We neglect any nonclassical
scattering. The electrical resistance R of the ori� ce is then

R L r 2 (10)

Ohm’s law is used to relate the total ori� ce discharge current ID to
the voltage across the ori� ce ID R and the power dissipated in the
ori� ce I 2

D R.

Energy Loss Mechanisms
There are three major energy-loss mechanisms for the electron

gas in the ori� ce region.Xenon atoms, excitedor ionizedby electron
collisions,either radiate to the externalworld, leaving the ori� ce, or
are quenched at the walls. These processesare the major loss mech-
anisms. Another signi� cant loss is by electron convection,which is
simply a statement that the insert electron temperatureis cooler than
the ori� ce electron temperature. The expressions for these losses
follow.

1) Ionization loss:

Wion Eion Iprod (11)

where E ion is the mean energy loss due to an ionization event
(taken to be 12.2 eV for xenon).

2) Radiation loss:

Wrad r 2L Erad 4 rad e Je Nn (12)

where Erad is the mean energy loss due to an excitation event,
taken to be about 10 eV, because for xenon even the lowest lying
excited state is 8.5 eV above ground. The Maxwellian averaged
cross-section for xenon radiative excitation,9 rad e , is approxi-
mated for electron temperaturesof a few electron volts by

rad e 1 93 10 19
1
2

e e 11 6 e (13)

3) Convective loss:

Wconv ID e in (14)

where in is the electron temperature at the input to the ori� ce from
the insert region.Based on the work of Salhi and Turchi,8 we assume
the entering electrons to have a temperature of 1 eV.

The ori� ce plasma density is found by balancing the ohmic heat-
ing with the sum of the three energy losses,

I 2
D R Wion Wrad Wconv (15)

Results
Equations (1–15) are used in EWB to calculate self-consistently

the plasma density, electron temperature, power dissipation, and
ion output Iion r 2 Ji of the ori� ce as a function of ori� ce

dimensions, gas � ow rate, and discharge current. The calculation
consistsof iterating the ori� ce plasma temperatureand density until
the ion productionequals the ion loss and the I 2 R power dissipation
in the ori� ce equals the total energy loss. The maximum electron
current Imax that can � owthroughtheori� ce is theone-sidedelectron
thermal current times the ion current11

I max
e m i 2 me Iion

VF 5 Operations
Table 1 shows the calculated Imax as a function of PC emission

current Iemission ID Ikeeper for xenon � ow rates of 6.0 and 7.5
sccm and a keeper current of 2 A. The calculationswere done using
the PC model in EWB.

The EWB model indicates that, for Ikeeper 2 0 A, even at 6.0
sccm, the PC can support all emission currentsbetween 0 and 11 A,
that is,

Iemission Imax

for

0 Iemission 11 A

These results are consistent with measurements made in VF 5, as
shown in Fig. 4. That is, the PC emitted up to 10 A at less than 20-V
clamping potentials.

Note that the model shows that an increase of 1 A of keeper cur-
rent is more effectivein generatingplasma than is a 1-sccm increase
in xenon � ow rate. (The ISS PC will operate at 3 A not 2 A. This
increase in keepercurrent was to address long-termcathodetemper-
ature/stability issues, not to increase emission capabilities.) During
the same test sequence, the PC was operated at a low, 3.8-sccm,

Table 1 Calculated Imax as a function
of PC emission current for � ow rates

of 6.0 and 7.5 sccm

Iemission Imax , 6 sccm Imax , 7.5 sccm

0.00 1.14 1.24
1.00 1.79 1.96
2.00 2.52 2.75
3.00 3.29 3.58
4.00 4.12 4.50
5.00 5.16 5.49
6.00 6.20 6.70
7.00 7.33 7.86
8.00 8.32 9.17
9.00 9.31 10.23
10.00 10.54 11.48
11.00 11.75 12.54

Fig. 4 PC current voltage characteristics with 6.2-sccm gas � ow rate
as measured in VF 5.
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Table 2 Calculated Imax as a
function of PC emission current

for a 3.8-sccm � ow rate

Iemission Imax , 3.8 sccm

0.00 0.92
1.00 1.47
2.00 2.06
3.00 2.69
4.00 3.52
5.00 4.35
6.00 5.19
7.00 5.96
8.00 6.81
9.00 7.70
10.00 8.54
11.00 8.96

Fig. 5 PC current voltage characteristics with 3.8-sccm gas � ow rate
as measured in VF 5.

� ow rate and proved unable to emit more than 2.5 A, even for 50-V
clamping potentials, as shown in Fig. 5.

Table 2 shows the EWB calculation for the 3.8-sccm xenon � ow
rate. The EWB model predicts maximum emission currents as a
function of emission current for a keeper current of 2.0 A. The
emission current has to be less than Imax for the PC to operate in a
low-impedancemode. For example (Table 2), the plasma generated
assuming an emission current of 8 A is only able to support a max-
imum emission current of 6.81 A. Because 8 A of emission current
was assumed, the solution is not self-consistent. Thus, the plasma
generatedcannotsupportthecurrentwithout largepotentials.For the
2.0-Akeeper currentused in the test, the model predicts that only for

Iemission 2 A

would the PC emissioncurrentnot exceed the maximum PC current.
At higheremissioncurrents,theelectrondrift velocityexceedsthe

electron thermal velocity, and the plasma would be highly resistive.
Comparing the EWB model with the laboratory results, the EWB
model predicts about the same Imax as observed.

Partial Anode Operations: VF 11
Tests performed in VF 11 using the same PC, but operating at

an increase to 3-A keeper current (Fig. 6), showed higher clamping
potentials when the potential was measured between the PC and
the chamber walls. This potential increase is consistent with sheath
formation at the anode plates. When the one-sided plasma electron
thermal current over the anode surface is less than the required
current, the increase in voltage forms a sheath around the anode
plate. The sheath has a surface area larger than the anode plate and
collects more current.

Based on a relatively simple EWB geometrical model, we cal-
culate that in VF 11 the anode plates intercept approximately 70%

Table 3 Calculated Imax for ideal anode and for VF 11
anode at 6.0-sccm � ow rate, showing margin

between emission current and VF 11 Imax

Iemission Imax , 6 sccm VF 11, Imax Margin

0.00 1.79 1.25 1.25
1.00 2.52 1.76 0.76
2.00 3.29 2.30 0.30
3.00 4.12 2.88 0.12
4.00 5.16 3.61 0.39
5.00 6.20 4.34 0.66
6.00 7.33 5.13 0.87
7.00 8.32 5.82 1.18
8.00 9.31 6.52 1.48
9.00 10.54 7.38 1.62
10.00 11.75 8.23 1.78

Table 4 Calculated Imax for ideal anode and for VF 11
anode at 7.5-sccm � ow rate, showing margin

between emission current and VF 11 Imax

Iemission Imax , 7.5 sccm VF 11, Imax Margin

0.00 1.96 1.37 1.37
1.00 2.75 1.93 0.93
2.00 3.58 2.51 0.51
3.00 4.50 3.15 0.15
4.00 5.49 3.84 0.16
5.00 6.70 4.69 0.31
6.00 7.86 5.50 0.50
7.00 9.17 6.42 0.58
8.00 10.23 7.16 0.84
9.00 11.48 8.04 0.96
10.00 12.54 8.78 1.22

Fig. 6 PC current voltage characteristics with 6.0-sccm gas � ow rate
as measured in VF 11.

of the PC plume. This implies that the maximum current the PC
can emit in VF 11 at low voltages is about 70% of what it can emit
in VF 5. The calculation shown in Table 3 predicts high-voltage
sheathswill form for emission currents above 2 A. The EWB model
appears to predict a slightly larger emission current capability than
was measured in the laboratory.As can be seen in Fig. 5, the voltage
in the laboratory started to increase around 1 A.

We also performed the same set of calculations for a higher, 7.5-
sccm, xenon � ow rate. The results (Table 4) indicate that sheath
formation would begin at emission currents above 3 A. These cal-
culations, although not exact, do reproduce the observed trend that
the current margin de� cits are higher at given emission currents at
the 6.0-sccm � ow rate than at the 7.5-sccm � ow rate. For example,
the current de� cit at an emission current of 5 A for a 7.5-sccm � ow
rate is 0.31 A, whereas the same emission current for a 6.0-sccm
� ow rateyieldsa currentde� cit of 0.66 A. This implieshighersheath
potentials for a 6-sccm � ow rate than for the 7.5-sccm � ow rate for
the same emission current, as seen in the laboratory.

Conclusion
The laboratorydata and the analysis con� rm that the PC current-

carrying capability is determined by the amount of plasma gener-
ated that actually contacts the effective anode. We have presented a
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model based on conservationof mass and energy, which calculates
the amount of plasma generated by a hollow cathode-basedplasma
contactor.

In the large laboratory chamber, the effective anode is the entire
tank interior surface. The laboratory data show that, when the gas
� ow was reduced, PC emission currents were limited to a few am-
peres, even for relativelyhigh voltages.However, at higher gas � ow
rates, large emission currents were observed for even low voltages.
Calculationsperformedusing the model show that, for the small gas
� ow rate, the PC ion productionwas inadequateto support high cur-
rents. However, at the higher gas � ow, the PC generated suf� cient
ions to support much greater plasma thermal currents.

In tests in the small chamber, the effective anode is the stainless
steel plates. Calculations showed that, although the plasma gener-
ated by the PC was adequate to carry many ampere emission cur-
rents, not enough of the plasma was in contact with anode surface
for a low-impedance � ow. This was con� rmed by the measurement
of anode sheath potential. The anode sheath increases the effective
collecting area of the anode, but the sheath potential increases the
measured clamping voltage.

Acknowledgment
This work was sponsoredby NASA Contract NAS3-23881 from

NASA Lewis Research Center.

References
1Stevens, N. J., Berkopec, F. D., Purvis, C. K., Grier, N., and Staskus, J.,

“Investigation of High Voltage Spacecraft System Interactions with Plasma
Environment,” AIAA Paper 78-672, April 1978.

2Carruth, M. R., Jr., Vaughn, J. A., and Gray, P. A., “Experimental Studies
on Spacecraft Arcing,” AIAA Paper 92-0820, Jan. 1992.

3Carruth, M. R., Jr., Vaughn, J. A., Holt, J. M., Werp, R., and Sudduth,
R. D., “Plasma Effects on the Passive Thermal Control Coatings of Space
Station Freedom,” AIAA Paper 92-1685, March 1992.

4Vaughn, J. A., Carruth, M. R., Jr., Katz, I., Mandell, M. J., and Jonge-
ward, G. A., “Electrical Breakdown Currents on Large Spacecraft in Low
Earth Orbit,” Journal of Spacecraft and Rockets, Vol. 31, No. 1, 1994, pp.
54–59.

5Mandell, M. J., and Katz, I., “Theory of Hollow Cathode Operation in
Spot and Plume Modes,” AIAA Paper 94-3134, 1994.

6Gardner, B. M., Jongeward, G. A., Kuharski, B., Wilcox, K., Rankin,
T., and Roche, J., “The Environmental Workbench: A Design Tool for the
International Space Station,” AIAA Paper 95-0599, 1995.

7Salhi, A., and Turchi, P. J., “A First-PrinciplesModel forOri� ced Hollow
Cathode Operation,” AIAA Paper 92-3742, 1992.

8Salhi, A., and Turchi, P. J., “Theoretical Modeling of Ori� ced, Hollow
CathodeDischarges,” InternationalElectric PropulsionConf., IEPC-93-024,
1993.

9Siegfried, D. E., and Wilbur, P. J., “An Investigation of Mercury Hollow
Cathode Phenomena,” AIAA Paper 78-705, 1978.

10Hayashi, M., “Determination of Electron-Xenon Total Excitation
Cross-Sections, from Threshold to 100 eV, from Experimental Values of
Townsend’s ,” Journal of Physics D: Applied Physics, Vol. 16, 1983, pp.
581–589.

11Parks, D. E., Katz, I., Buchholtz, B., and Wilbur, P., “Expansion
and Electron Emission Characteristics of a Hollow-Cathode Plasma Con-
tactor,” Journal of Applied Physics, Vol. 74, No. 12, 1993, pp. 7094–

7100.

A. C. Tribble
Associate Editor


