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I. INTRODUCTION

The use of cesium and mercury as propel 1 ant for hollow cathodes

and electron-bombardment ion thrusters has been successfully demonr

strated for space missions. These elements exhibit at least three

advantages over other potential propel 1 ants; ease of storage, ease of

ionization, and high atomic weight. The latter tends to reduce dis-

charge power loss relative to the kinetic energy of the beam ion.
2 5Argon and xenon gases have also been studied, " first from a research

viewpoint, and later as alternate propellants for space propulsion be-

cause of their environmental advantages. Of the two gases, xenon is

preferable in all respects for space propulsion except for cost and

availability. Argon becomes cost effective as a space propel 1 ant if

used in sufficient quantities as to make cryogenic storage practical.

A major problem with argon has been the rapid wear that results

when it is used in hollow cathodes. Hollow cathodes with lifetimes of

10,000 hours or more when used with mercury, ' ~ have been found to be

the only cathodes suitable for ion thrusters for space missions. The

main objective of this study was the development of a similar long life

hollow cathode for argon. A secondary objective was ease and relia-

bility of starting. Argon was emphasized in this study both because it

is of interest as a propel!ant and because it is a greater departure

than xenon from the usual thruster propellants of cesium and mercury.

A thermionic emitter of tungsten located inside a conventional

hollow cathode tube was selected for this study. Hopefully, a therm-

ionic emitter could have a longer lifetime inside a hollow cathode than

exposed to the ion-chamber discharge. If so, the internal emitter would

also facilitate starting without the use of high voltage. Another



important reason for the selection of an internal emitter, though, was

to obtain reproducible emission characteristics without the coating and

conditioning problems of the oxide impregnated inserts used in conven-

tional hollow cathodes. These inserts generally contain barium-

strontium oxides which aid electron emission by reducing the work
9 10function of the cathode interior surface. ' Fig. 1 contrasts a

conventional hollow cathode with a typical design used herein.
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II. CATHODE LIFETIME

Cathode lifetimes of >^ 10,000 hours are a requirement for practical

use in space. A simple refractory-metal emitter is a logical choice

for a cathode, but ion-bombardment limit their lifetimes to roughly

1000 hours or less. Several other types of cathodes have been tried,

but all have some shortcomings. The best choice for space thrusters

has been a hollow cathode with an oxide impregnated insert as shown in
7 9Fig. l(a). ' When run on mercury, hollow cathodes attain the desired

lifetime of 10,000 hours, but, with argon, rapid erosion reduces the

lifetime to only 10-100 hours.

An explanation that has been considered for this lifetime

discrepancy is that mercury or cesium vapor is adsorbed on the surface
i

of the cathode which protects it from ion bombardment. Adsorption data

for mercury indicates that such a monolayer does not exist for pressures
-4 13below about 10 torr or for temperatures much above 300°C. These

boundary values are fairly constant for different ion energies. The

tip of a hollow cathode is around 1000°C and pressure inside is roughly

141-20 torr. Therefore, monolayer adsorption of mercury may be possible

for the pressures in the hollow cathode, but it appears that the

temperature would be too high.

In the case of argon the chance for cathode protection due to

adsorption is virtually nonexistent. To obtain a monolayer of adsorbed

argon, pressures must be above 1 torr and the temperature of the surface

must be below 80°K (-193°C).15 Clearly, cathode protection due to

propellant adsorption is not possible for argon and unlikely for

mercury.



For conventional hoi lew cathodes sputtering erosion of the orifice

is the major cause of cathode failure. To obtain the desired lifetimes

requires that the bombardina ions have enerqies no greater than

10-20 eV. This energy is determined in the configuration used by the

discharge voltage, which couples the cathode and anode. The primary

effort of the investigation vws to attempt to reduce discharge voltage

to 10-20 volts, thereby decreasing orifice wear. Incorporation of a

hollow cathode into an actual thruster will, of course, require isola-

tion of the cathode from the discharge, such as accomplished by the

baffle and pole piece arrangement in SERT II. This isolation was no!'

a part of the investigation described herein.



III. APPARATUS AND PROCEDURE

All testing was done at the Engineering Research Center ot Colo-

rado State University. Initial tests were conducted in a 30 cm bell

jar facility, while later tests used one with a 45 cm bell jar. Al-

though both facilities employed 15-cm diffusion pumps, the larger

facility gave nearly a factor of ten lower pressure. The major com-

ponents of the electrical system are indicated in Fig. 2. The thruster

simulator was a complete 15-cm axial field thruster, except that no

accelerator grid or neutralizer were included. The thruster simulator

provided a good model of an actual thruster discharge chamber without

the employment of high-voltage supplies. When the apparatus was used

to simulate a thruster the magnet current (Im) was 2 amperes; sufficient

to keep primary electrons from directly reaching the anode. Higher

field strengths gave no significant difference in cathode performance.

Calculations indicated that screen grid blockage should result in a

discharge-chamber pressure of 1.55-2.0 times the ambient bell jar pres-

sure for a flow rate of 1000-500 ma-equivalent of argon. The calcula-

tion procedure used is shown in the Appendix. The bell jar pressures,

when given, are therefore indicative of discharge-chamber pressure.

(Also, note that the pressures in all figures are indicated pressures,

and must be reduced by a factor of 1.1 for argon and 2.5 for xenon.)

The cathode assemblies were all cylindrical, but otherwise varied

wit'ely in configuration. Except for the magnetic orifice and discharge

chamber cathodes, they were functionally similar to the version shown

attached to the thruster simulator in Fig. 3. Diameters (d) varied

from 0.64 cm to 7.6 cm, while lengths (1) were normally maintained at
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about 3.8 cm. Tungsten wire with a diameter of 0.25 mm was used for

all emitters. Emitter length was 3.5-4.0 cm except for the 0.64 cm

cathode chamber diameter, which used a 2.5 cm length. The emitter

connections were made through the back (upstream) wall in all configura-

tions except the 0.64 cm diameter, where the connections were made in

the side (cylindrical) wall. Propellant feed was through the back wall

in all tests. In most configurations the orifice plate was 1 mm thick

tantalum, 5 cm in diameter. Eight mounting screws permitted the rapid

replacement of this plate for a change in orifice hole size.

Cathode discharge currents were limited in this study to less than

about 5 amperes. This level is sufficient for a main discharge of a

15-20 cm source, or the neutralizer of a 30 cm source.

All the orifice plates were 1 mm thick. This thickness was found

to be an approximate minimum value for both conducting away heat and

withstanding erosion in mercury hollow cathodes. (A larger thickness

than the minimum value is not desirable because of increased ion re-

combination within the orifice.) If similar voltages were obtained

with argon, the heat losses and erosion rates would be roughly the same

as mercury, hence require about the same minimum thickness. Because

similar voltages for argon and mercury are implied in the long-life

objectives of this study, initial investigations were limited to this

1 mm thickness.



IV. TEST ENVIRONMENT EFFECTS

The effect of bell jar pressure, P.., on cathode performance is

shown in Fig. 4. The pressure difference was due to the use of two dif-

ferent vacuum facilities, as discussed earlier. The cathode configura-

tion used was similar to that shown in Fig. 3, with the circuit the

same as Fig. 2(a) except that no keeper was used. Although the orifice

diameter and flow rates were not the same, the difference in discharge

characteristics was typical for the two facilities. Most data were ob-

tained in the lower pressure facility and typically showed the same

sharp rise in voltage at some discharge current.

Cathodes were operated both with the simulated thruster as indi-

cated in Fig. 3 and with an additional 7-mesh/cm stainless-steel screen

anode (indicated schematically in Fig. 2(b)) to simulate neutralizer

operation. When used, the screen was electrically connected to the

cylindrical anode in the thruster simulator and the magnet current

turned off. The screen was about 5 cm square and located about 2.5 cm

downstream of the cathode (or keeper, when used).

The effect of using the screen anode is shown in Fig. 5. A non-

zero bias voltage, Vb, was used, but the results shown in Fig. 5 are

typical for all comparisons of data with and without screen anodes.

The use of a screen anode resulted in higher discharge currents at all

discharge voltages. The decreased anode-cathode distance and the

absence of a magnetic field (or decreased strength thereof) probably

contributed to the current increase with a screen anode. Part of the

increase may also be due to an increase in pressure upstream of the
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screen, but this effect should be small because the open area fraction

of the screen used was nearly 0.7.

Long life cathodes require low discharge voltages. It is true

that discharge chamber potential differences of 40-50 volts may be re-

quired for efficient ionization, but the immediate environment of the

cathode should be much closer to cathode potential if a long life is to

be obtained. There is no "pole piece" or equivalent cathode protection

in the simulated thruster of Fig. 3. Lower voltage operation at the

same discharge current is therefore more desirable or better for the

cathode. The terms "better" or "best" will be used throughout to des-

cribe such a voltage decrease. The incorporation of cathode protection

into an actual thruster (such as a cathode pole piece) is important,

but it is less pressing than the development of the cathode.

Emission calibration proved to be a recurrent problem. Tungsten

wire of a constant diameter was used in all tests, with the emitter

length the same in all except the smallest cathode chamber diameter.

It was initially hoped that these precautions, together with the use of

a constant heater current would serve to provide a constant emission.

But sufficient emitter erosion (due to ion bombardment and/or the

effects of impurities initially present) occurred so that constant

heating current resulted in substantial increases in electron emission

during some of the tests.

As the next calibration technique, a bias discharge between the

emitter and cathode chamber wall was utilized. After establishing an

internal discharge, the emitter bias voltage was reduced until the dis-

charge was extinguished. The discharge was then re-established with

the bias 5 volts above this minimum value for a discharge. The emitter
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heater current was then adjusted until the emission was some standard

value, typically 1 ampere. This calibration approach was an improve-

ment over the use of a constant heating current through a constant

length cathode. But it still had several shortcomings. In some cases,

the internal discharge would slowly dwindle to zero as bias voltage was

reduced, leaving no clear reference point for calibration. The varia-

tion of internal discharge with emitter heater current is shown in

Fig. 6. Note that the minimum bias voltage for a discharge varies with

heater current.

As a final calibration method for this study, entire emitter

performance curves were taken — as shown in Fig. 6. An initial curve

at 7 amperes heating current served as a calibration for each configura-

tion. As time passed during each run, these data were retaken and the

heating current adjusted to give a discharge curve close to the original

one obtained at 7 amperes. It is felt that this procedure corrects for

most of the changes in emission that would otherwise take place with

time.

Another test environment problem was the appearance of a thin, in-

sulating layer on the interior surfaces of the thruster simulator,

particularly the anode. The problem was probably due to the presence

of foreign material, such as residual oil, on the thruster components.

The coating seemed to appear immediately after the installation of new

components into the system. Removal of the coating required manual

cleaning for the first 2 or 3 runs, but subsequent tests could be con-

ducted without any problem. The coating had a resistance as high as a

megohm and the effects on cathode operation are shown in Fig. 7 for

two different bias voltages. (Non zero bias voltages are discussed
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later.) Performance is poorer with the anode coating but perhaps

not as bad as what might be expected for such a high resistance. The

problem was not particularly acute, however, and the bulk of the tests

were conducted with no coating problems.



V. EXPERIMENTAL RESULTS

Cathode Size Effect

Inasmuch as both volume and surface losses tend to increase with

plasma size, cathode performance was expected to improve with a de-

crease in cathode chamber size. The initial intent of the size in-

vestigation was to determine the penalty for a size increase. A size

increase over the usual 3 and 6 mm diameter mercury hollow cathodes

would, of course, ease fabrication problems for more complex geometries,

as well as provide more radiation area for cooler operation.

The results of varying cathode chamber diameter are shown in Fig. 8.

Instead of the expected monotonic improvement in performance with de-

creased size, a broad optimum was found from about 1 to 2.5 cm in

diameter. The nearly horizontal curves of the intermediate diameters

would, from other data, be expected to show sharp rises in voltage if
i

they had been extended to higher discharge currents. The 2.5 cm data

apparently shows the beginning of this expected rise at 5 to 6 amperes

of discharge current.

The cathode chamber length was kept nearly constant at 3.5 to 4 cm

as mentioned earlier. The 0.64 cm diameter chamber therefore had a

large length-to-diameter ratio. To make sure that this large ratio was

not the cause of poorer performance of this diameter, an additional

test (not shown) was conducted with the length cut in half. No signifi-

cant performance difference was found for these two lengths of 0.64 cm

diameter.

From Fig. 8, then, it appears that argon hollow cathodes should be

larger in diameter than the sizes customarily employed for mercury
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hollow cathodes. This result is significant in that room can be made

available for more complex electrode geometries without paying a

performance penalty for the increased size. On the other hand, all the

data in Fig. 8 were obtained at discharge voltages above 30. From

endurance tests of hollow cathodes, a substantial reduction of dis-

charge voltage would be required for the orifice of an argon hollow

cathode to have thousands of hours of life.

Enclosed Keeper

Several modifications to the basic design were investigated as

possible means for reducing the discharge voltage. The use of an en-

closed keeper was one of these modifications. Ions striking the emit-

ter with energies above 30 eV would cause too much erosion to obtain

long lifetimes. Hopefully, the enclosed keeper would decouple the

emitter from such high energy ions.

A cathode diameter of 0.64 cm was selected because promising re-

sults had been obtained at the NASA Lewis Research Center in preliminary

tests with this size using an enclosed keeper and an oxide-impregnated

insert. These preliminary tests were obtained with the cathode opera-

ting as a neutralizer, so the screen anode was used herein to simulate

neutralizer operation.

Data obtained with an enclosed keeper are shown in Fig. 9. The

discharge voltage remained above 30 with a keeper, while no significant

increase in discharge current was found. In fact, an increase in the

keeper current resulted in a decrease of maximum discharge current. The

keeper tended to float at about 12 volts. As the keeper voltage (V.,)

was increased to 16 volts, the maximum discharge current was decreased

by about the increase in keeper current.
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The performance with a keeper was disappointing in that all opera-

tion was above 30 volts. This result differed sharply from performance

obtained at NASA Lewis Research Center. The only significant difference

in configuration appeared to be the use of a refractory emitter instead

of an oxide-impregnated insert.

Effect of Barium-Strontium Oxides

Operation with an enclosed keeper, described above, resulted in

substantially higher voltages than given by Mirtich. Because the

presence of oxides appeared to be the only significant difference, tests

were conducted herein with a commercial barium-strontium oxide mix

(R-500, J.T. Baker Chemical Co.). A small amount of this mix was in-

jected (as carbonates with a volatile carrier) into the 0.64 cm cathode

chamber near the orifice.

As shown in Fig. 10, the use of oxides resulted in a substantial

increase in discharge current. The normal function of oxides is to de-

crease the surface work function, thereby increasing the emission at

a given temperature. But the thermionic emitter used herein operated at

a high enough temperature to vaporize rapidly any barium-strontium

oxides that contacted it. The major cause of the performance difference

with oxides is suspected to be vaporized oxides mixed with argon, there-

by providing a small fraction of low ionization potential atoms which

increases plasma conductivity.
It is tentatively suggested, then, that the lower voltages ob-

tained at Lewis resulted from "seeding" the argon with barium-strontium

oxides. Depletion of oxide impregnated inserts could be a problem if

seeding is the cause of the performance difference—rather than some

other parameter such as background pressure.



23

80

70

60

<D
O>

2 40

30

.c 20
uM
5 10

0

0
Ok

Cathode Dia. 0.64cm

Orifice Dia. 0.5mm

rh = 1200 ma-equiv.

o With Ba.Sr Oxides

D No Oxides

V b =OV

Vk= lOV(Oxide), !2V(No Oxide)

p «5xlO'4torr
bj

1 2 3 4
Discharge Current , I d , amperes

Figure 10. Performance comparison with and without barium-
strontium oxides. With screen anode.



24

Comparison of Xenon and Argon

As mentioned at the beginning of the hollow cathode section, most

tests were conducted with argon as the propel!ant. A few tests were

conducted with xenon, though, for comparison with argon data. Data

from these tests are shown in Fig. 11. The xenon performance curves

have the same general shape as the argon curves shown previously. The

specific performance values, however, are better for xenon. For

example, xenon at 500 ma-equivalent has about the same corrected bell

jar pressure as argon at 1000 ma-equivalent. But the discharge current

varies over a wider range with xenon.

The better performance with xenon should be expected from the lower

ionization potential, the larger ionization cross section, and the

higher atomic weight. The latter results in a higher neutral density

for the same ma-equivalent flow rate as argon. In general, wider

ranges in discharge current are possible with xenon, while the discharge

voltages are up to 10 V lower.

Orifice Size Effect

Another parameter investigated was that of orifice diameter. Figs.

12 and 13 show the effects of changing orifice size at high and low

bell jar pressure. Although a screen anode is used for the low pressure

data, the differences between Figs. 12 and 13 are similar to the dif-

ferences shown for high and low pressure data in Fig. 4. The low

pressure data should be more representative of a thruster environment,

so that considerations of optimum orifice size will be restricted to

Fig. 13. For discharge currents of 3 to 5 amperes, the 0.5 mm orifice

resulted in the lowest discharge voltage. At lower discharge currents,

the 2 and 5 mm orifices result in the lowest discharge voltages. It is
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not clear why the 1 mm orifice has the highest discharge voltage over

much of the current range. For comparison, a typical mercury hollow

cathode uses an orifice diameter in the range 0.1-1 mm.

It is interesting that fairly long life could be obtained for a

cathode in the 1 to 2 ampere range despite the high voltage. As shown

in Fig. 13, an orifice could start at 2 mm and wear to 5 mm without

significant change in operating characteristics. There would be a

large amount of sputtered material using such a design, but it could be

used in any application that would permit this amount of sputtering.

Another survey of orifice diameters, in which a nonzero emitter

bias was maintained, is shown in Fig. 14. Only the trends due to

orifice size changes will be discussed here. The other effects of

emitter bias will be discussed in the following section. The 2 and 5 mm

orifices are better at low discharge currents, similar to the trends in

Fig. 13. At higher currents, though, the 1 mm orifice is best, the

0.5 mm orifice operated over a restricted range that appears to cor-

respond to only a part of the 0.5 mm curve in Fig. 13. Both voltage

and current limited power supply modes were used to obtain discharge

curves. It therefore seems unlikely that a power supply interaction

would prevent the 0.5 mm orifice from operating over a wider range. But

until more is known about the operation of the 0.5 mm orifice with a

bias, the possibility of a power supply interaction cannot be ruled

* 18out.

Emitter Bias Effect

With the exception of Figs. 7 and 14, all preceding data were ob-

tained with the emitter at cathode chamber potential. (Nonzero biases

were used only to initiate a discharge for these previous tests.) The
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effect of bias on steady state operation was investigated as a possible

means of reducing discharge voltage, and hence erosion damage. Data

from this portion of the investigation are shown in Fig. 15.

The effect of emitter bias voltage was substantial. Operation at

discharge currents below 0.5 amperes was possible only with a bias

voltage for the conditions shown. Above 0.5 amperes the use of a bias

voltage permitted a substantial decrease in discharge voltage. The de-

crease in discharge voltage is clearly a step in the direction of de-

creased orifice sputtering. The effect on the emitter is less clear.

The discharge voltage is measured between the cathode chamber and

the anode, while the emitter bias is between the emitter and the cathode

chamber. The total emitter-anode voltage is therefore the sum of dis-

charge voltage and emitter bias. The emitter lifetime will actually

depend on the plasma environment in the cathode chamber, but this total

voltage defines the approximate upper limit for energy ions that bombard

the emitter.

The emitter-anode voltage can be increased or decreased by the use

of a bias voltage, depending on the specific operating conditions. With

a 10 V bias, for example, the emitter-anode voltage can be as low as

20 V (compared to a minimum of 32 V with no bias). On the other hand,

the use of a 20 V bias at a 1 ampere discharge current gives an emitter-

anode voltage of 47 V (compared with 35 V at the same discharge current

and no bias).

From the emitter-anode voltage, then, the use of a bias voltage

should lead to increased emitter lifetimes for some operating conditions,

Plasma probe data and, ultimately, life tests will be required to
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determine the effect of emitter bias on emitter lifetime at other

operating conditions.

Some other advantages of using a bias voltage are not shown in

Fig. 15. While the minimum discharge voltage is 10 V in Fig. 15, bias

data at other conditions showed minimum discharge voltages close to

zero. Also, the minimum flow could be reduced from 500 ma-equivalent

(no bias) to 200 ma-equivalent (with bias). With no coupling through

the orifice, the internal bias discharge could be maintained at flows

as low as 50 ma-equivalent.

A substantial electron current from the emitter to the cathode

chamber wall was always observed during operation, even at zero bias

voltage. The center tap of the emitter heating transformer winding was

connected to the negative side of the bias supply. At zero bias, then,

one side or the other of the emitter is negative relative to the sur-

rounding chamber. With a conducting plasma present, an electron current

will flow from the negative side of the emitter to the cathode chamber

wall. The power supply requirements of the bias supply are indicated

by data in Fig. 16, where both the internal bias discharge and external

discharge characteristics are shown for a range of operating conditions.

Magnetic Orifice Cathode

The use of a magnetic field at the cathode orifice was included

among the cathode concepts investigated to reduce discharge voltage. A

sketch of the configuration used is shown in Fig. 17. The cathode

chamber consisted of a nonmagnetic stainless steel tube that was 2.5 cm

in diameter. The magnetic field at the orifice passed between a 6.4 mm

diameter soft iron rod and a 1.6 mm thick orifice plate.
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Data obtained with the magnetic orifice cathode are shown in

Fig. 18. The data with an annular orifice area of 0.95 cm2 were ob-

tained first. The performance was so poor that another orifice area

(0.40 cm2) was tried. The performance with the reduced area was sub-

stantially improved, but showed little advantage over the simple biased

cathode of Fig. 15.

The field strength in the center of the orifice gap (0.40 cm2

area) was about 150 Gauss at 3 amperes and something less than 50 Gauss

at 0 amperes. Calculations indicated that <_ 50 eV electrons should be

contained at a maximum field strength of about 120 Gauss, so that the

maximum experimental value of 150 Gauss should have been sufficient as

the upper end of the range covered.

A magnetic field would be expected to reduce electron mobility

through the orifice and increase ion production in that region. From

the data of Fig. 18, though, the added ionization within the orifice

due to a magnetic field has little effect on cathode performance. This

conclusion is supported by the small difference between data obtained

at 0 and 3 amperes. The big difference in data for the two orifice

areas is probably due to pressure effects within the cathode chamber.

Note that the 0.95 cm2 annular orifice is equal in area to that of an

11 mm circular orifice.

Discharge Chamber Cathode

The construction of the discharge chamber cathode concept is in-

dicated in Fig. 19. The magnetic field is provided by four 6.4 mm

diameter permanent magnets between two permeable pole pieces. The

strength of the magnetic field was sufficient to prevent 50 eV electrons

from going directly to the internal anode after emission. The magnetic
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field is slightly divergent due to the downstream pole piece being

larger than the upstream one. This cathode is used in the electrical

system indicated in Fig. 2(b). Note that the internal anode is

biased relative to both the emitter and the cathode chamber. This

means that the discharge voltage equals the emitter-anode potential

difference, regardless of internal bias.

The performance of the discharge chamber cathode is shown in

Fig. 20 for both 2 and 5 mm orifice diameters. (Operation was attempt-

ed with a 0.5 orifice, but the internal discharge could not be coupled

to the external anode.) The discharge voltage generally increases

with bias voltage for both orifice diameters. The difference is small,

though,from 0 to 10 V bias. The advantage of a bias voltage for a

simple cathode chamber (shown in Fig. 15) is therefore missing for the

discharge chamber cathode. That is, the use of a bias voltage will

not result in reduced orifice sputtering for a discharge chamber

cathode.

The variation of emitter-cathode potential difference is a dif-

ferent story. In Fig. 15, for discharge currents that were common to

both bias voltages, going from 0 to 10 volts bias resulted in 0 to 4

volts increase in emitter-anode voltage. For the discharge chamber

cathode, keeping in mind the discharge voltage equals the emitter-

anode voltage, the increase of the latter is 1 to 5 volts.

It appears that the use of a bias voltage can substantially

change operating limits. But, within these operating limits, a bias

of 10 V has little effect on emitter-anode potential difference. Also,

for a bias voltage to reduce orifice sputtering, the emitter should be

biased negative relative to the orifice. This means that a more
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promising configuration of the discharge chamber cathode would have

the orifice in the anode.

The effect of propel 1 ant flow rate on performance of the discharge

chamber cathode is shown in Fig. 21, and is similar to that shown for

other cathode types. The higher flow results in higher pressures and

higher probabilities of electron collisions with atoms. The higher

collision probability leads to lower discharge voltages.

Cathode Chamber Plasma Properties

Plasma properties within the cathode chamber were obtained using
19Langmuir probes. The probe was an 0.07 mm diameter tungsten wire

with an exposed area of about 1.3 x 10-2 mm2. This probe was located

1 cm from the upstream plate of the 2.5 cm cathode chamber. The

cathode performance data for the configuration used are shown in

Fig. 22.

Plasma potential, electron temperature, electron density, and

emitter bias current are shown as functions of discharge voltage in

Fig. 23. At zero discharge voltage, the discharge current was also

zero. The plasma properties at this condition were therefore the re-

sult only of the bias discharge. All the plasma properties change

slowly with discharge voltage up to the 35 to 45 V range. Below this

range, the plasma properties appear to be determined mostly by the

internal discharge, and the plasma potential (relative to ground) is

5 V, or less. This means that ions from the internal plasma should

strike the emitter at an energy corresponding to bias voltage plus 5 V,

or 25 eV. The electron density is - lO^/cm3 (below a 35 V discharge),

which is - 103 times more dense than a typical ion thruster discharge

chamber. But the ion energy of 25 eV is approaching the sputtering



42

80

70
W

? 60

5
0>
o>

30

20

10

Discharge Chamber Cathode

Orifice Dia. 5mm

V =20V

p = 2.5xlO-4 t (m=500);
bj 5x lO- 4 t (m= 1000)

Flow Rate.m

o 500ma-equiv.
a 1000 ma-equiv.

1 2 3 4
Discharge Current ,Id , amperes

Fiqure 21. Effect of chanqinq the pronellant flow rate on
cathode performance. Hith screen anode.



43

80

70

> 60
•e

180
0>o>
.2 40

20
o(0
5 10

Cathode Dia. 2.5cm

Orifice Dia. 0.5mm

Vb = 20 V

Flow Rate ,
rh,(ma-equiv.)

Heater Current,
Id, (amp)

7.0
7.0
6.0

1 2 3 4
Discharge Current , Id,amperes

Fiqure 22. Cathode operating conditions correspond!nq to
plasma properties illustrated in Figures 24-26.
With screen anode. (Plasma properties not obtained
at all data points.)



44

Cathode Dia 2.5cm
Orifice Dia. 2mm
rh = 500 ma-equiv.
Vb=20V

. = 2.5xlO'4torr
5r

5X I014

10
I
6 4o

•k

4 3

0)
a -ci-

0 10 20 30 40 50
Discharge Voltage,V.,volts

10 20 30 40 50
Discharge Voltage , Vd , volts

Figure 23. Plasma properties as a function of discharqe voltaqe.



45

threshold, where indefinite lifetime can be expected in the absence

of contaminants.

The plasma properties are also shown in Fig. 24 and 25 as functions

of propel 1 ant flow rate and emitter heater current. The effects of

flow rate are minor, except for a small rise in plasma potential at the

lower flow rate. The effects of decreasing the emitter heater current

by one ampere is more significant. This decrease leads to a substan-

tial reduction in emission, as indicated by the drop in bias current.

This, in turn, results in a substantial drop in electron density. To

offset the decrease in electron emission, the plasma potential increases.

This increases ionization by increasing both the emitted electron

energy and the background electron temperature. It is clear that an

excess of electrons from the emitter is preferable to a shortage. A

shortage will lead to higher energies for bombarding ions and therefore

a more rapid failure of the emitter.

The effect of changing bias voltage was found to be more complex.

Above 10 V, bias voltage changes resulted in little change of plasma

potential or electron density. The electron temperature, surprisingly,

decreased slightly with an increase in bias voltage. Below 10 V, probe

traces became increasingly difficult to analyze. The effect of bias

voltage on the probe trace is indicated in Fig. 26. These traces were

obtained in a 2.5 cm cathode chamber with a 5 mm orifice.

Assuming a Maxwellian electron distribution, the probe current

becomes nearly constant or increases slowly as the probe potential is

increased above the plasma potential. Fig. 26(c), at 20 V bias, shows

the curve shape normally expected, with a well defined inflection point

at plasma potential (at ~ 30 V probe potential). At a 10 V bias,
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Fig. 26(b), the plasma potential can still be determined, but with less

certainty. When the bias voltage is reduced to zero, the plasma poten-

tial is no longer evident -- Fig. 26(a). Most probe traces at zero

bias were further from the ideal than the one shown in Fig. 26(a), with

probe current continuing to increase at an increasing rate as probe

potential is raised, until a damaging arc is established.

A possible explanation for the degradation of probe traces at low

bias voltage is the presence of high frequency plasma fluctuations.

The recording equipment used would average the potential and density

fluctuations in the plasma, so that the trace obtained would be a com-

posite of a wide range of instantaneous traces.

The cathode bias circuit was connected to an oscilloscope to look

for plasma fluctuations. For the zero bias case of Fig. 26(a), signals

of 0.1-7.0 V peak-to-peak were found at about 4 x 105 Hz. At a 10 V

bias this signal still appeared to be present, but much weaker. At a

20 V bias, no rapid fluctuation was evident.
20

Population-potential oscillations are often found in plasmas.

The attrition of electrons and ions, with electrons leaving faster be-

cause of their low mass, results in the increase in plasma potential.

At some value of plasma potential there is a sudden influx of electrons,

which produce a new generation of ions due to collisions with background

neutrals. Some oscillation of this type appears possible at low bias

voltages. The loss of ions would be expected to be related to ion

transit time (ion acoustic wave velocity), which is in approximate

agreement with the observed frequency. Similar oscillations in dis-
20charge current were observed by Byers in mercury hollow cathode tests.

Byers found that changes in keeper supply impedance affected both the
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oscillations and the cathode performance. No changes in power supply

impedance were made for the tests reported herein.

Cathode Starting

Ease and reliability of starting were also of interest in this

investigation. Normal startup procedure was to obtain an internal

cathode chamber discharge by biasing the emitter at -30 V relative to

the chamber wall - or internal anode in the case of the discharge

chamber cathode. This internal discharge always started if the emitter

heater was used (at 6 to 7 amperes) to preheat the cathode chamber for

5 to 10 minutes. Omission of this preheat step sometimes led to

erratic startups. The bias current at 30 V was typically 1 to 2

amperes for a heater current of - 7 amperes. At this point, initiation

of a discharge to the main anode could usually be accomplished by

applying normal voltage to the main anode. For low propellant flow

rates and/or small orifice diameters (less than 1 mm), a high voltage

tickler (about 17 kV maximum) was required to initiate the main dis-

charge. Restarts were easier than the initial startup after pumpdown,

probably because contaminants were removed by normal operation.

In summary, the use of an internal emitter and a preheat phase

gave 100 percent starting reliability for the internal discharge.

Initiation of the discharge to the main anode was more dependent on

propellant flow rate and orifice diameter, with increases in both

parameters favoring startup of the main discharge.



VI. CONCLUDING REMARKS

Significant progress was made towards longer life argon hollow

cathodes. The optimum cathode chamber size was found to be larger than

those sizes presently used for mercury hollow cathodes, with optimum

diameter in the range from 1.0 to 2.5 cm. This large size permits the

use of replaceable internal emitters, as well as the use of more com-

plex internal electrodes. Optimum orifice diameter was also determined.

This diameter was found to range from about 0.5 to 5 mm depending on

operating conditions. The use of an emitter bias voltage tended to

extend the operating range and eliminate internal plasma fluctuations.

With a bias voltage of 10 V, operating conditions were found that were

favorable for longer orifice lifetimes. Whether or not these lifetimes

will be sufficient for electric propulsion applications is not yet

clear. An internal emitter was also found to be consistent with re-

liable starting.
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APPENDIX

Determination of Pressures

Inside the Cathode and Discharge Chamber

Free molecular flow can be assumed for the pressures normally

found in the bell jar environment. Consider the escape of a particle

with speed v. from the volume V through an orifice of area dA.^°

(See Fig. 27(a).) For this particle to escape in the time dt and in

the direction dfi, it must lie within the volume element AV. The total

number of such particles can be calculated as follows:

{number of particles) •• Ho
escaping V in time > = J (y) NI v. cosedAdt(^) (Al)
dt in direction dn ) i

where

dn = sinededij).

The average speed, v", and the average particle density, n, are defined

as
N v

v = I 1 and n = (A2)

20 This pressure determination intially follows the approach of C. V.

Heer, Statistical Mechanics, Kinetic Theory, and Stochastic

Processes, pp. 10-11.
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(a)

(a) Escape from volume.
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(b) Flow between two volumes.

Figure 27. Assumed configurations for free

molecular flow calculations.
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where

N = the total number of particles in volume V. Substituting

these expressions into Eq. (Al) results in

{number of particles) _ .
escaping V in time } = n v cosedA dt (9̂) (A3)
dt in direction drc ) H1T

Using a unit area for dA and unit time for dt, then the total particle

escape rate, r (particles/m2-sec), can be found by integrating over

0 < e < TT/2 and 0 < $ < 2ir, i.e.

2ir ir/2 _ -, _
/ d ( f ) / nv cosesine de = ^ n v (A4)
o o

For an ideal gas, substituting from the expression above gives

P = n k T = (A5)
v

where k is Boltzmann's constant.

In a thruster operating at a steady flow a constant pressure and/or

particle density exists within the cathode chamber, the discharge

chamber, and the surrounding bell jar region. Since the propellant

flow rate is generally known then r can be calculated by knowing the

open area which separates the two volumes (Fig. 27(b)). In general,

the pressures of each volume will be different. For this steady state

condition, m\ = m2 = m (where m is the particle flow rate, typically

in ampere-equivalents), and the difference, TI - r2 is simply

rnet - r, - r2 - ̂  (A6)
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for m in ampere-equivalent, A in m2, and e is the electronic charge

in coulombs. By substituting from Eqs. (A5) and (A6), the pressure

difference across the orifice can be found.

Pl . P2 = (ri . rz) = m () (A7)
v veA m

For a Maxwellian energy distribution

and the pressure difference becomes

Pl . P2 = _JL /TTmTT (\) (A9)
m

Using Eq. (A9) the pressure in the cathode chamber, P , can be
L»

found. (Actually, the densities found within the hollow cathode

chamber are in a transition regime between free molecular and con-

tinuum flow exists. However, results using this calculation appear to

be in good agreement with experiment.) For example, let m = 0.5

amp-equiv., A = 7.9xlQ-7m2 ( a 1 mm orifice), and T = 500°K. The dis-

charge chamber pressure, P., will later be shown to be much less than

PC, so that the return flow is negligible. From Eq. (A9), then

PC = 214 N/m
2 = 1.6 torr. (for PC » Pd)

Similarly, P, can be found if the bell jar pressure, P.., is known,

Using the same values for m and T, and letting P.. = ZxlO'4 torr with

A = 88 cm2 (open area for the screen grid used), then

Pd = 3.4x10-^ torr = 1.7 Pj. Note that Pd « PC-
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If the finite thickness of the screen grid is considered then
21the effective open area is reduced by the clausing factor which is

determined by the hole thickness to diameter ratio. For the screen

grid used, the clausing factor, K , was 0.81. P. is therefore in-

creased by the factor 1/K . That is

P = () (3-4x10"'ttorr) = 4.2xlO-Horr = 2.1 P..d

when the clausing factor is included.
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December 16, 1976

TO: NASA Distribution List

RE: Correction to NASA CR-135102 under Grant NSG-3011

After publication a correction was found concerning NASA CR-
135102 under Grant NSG-3011. Reported electron densities in the
hollow cathode chamber were 100 times too high. On page 41 the last
sentence should read: "The electron density is ~1012/cm3 (below a
35 Y discharge), which is -10 times more dense than a typical ion
thruster discharge chamber." In Figs. 23-24 the electron density
exponent should be 12 not 14.




