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PREDICTION OF PLASMA PROPERTIES
IN MERCURY ION THRUSTERS

The work accomplished on the theoretical modelling of ion thruster
processes is described in detail in R-ference [1] and it will not be
reproduced here. This model enables one to calculate discharge chamber
plasma properties from basic thruster design data and controliable

operating parameters.
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CATHODE TEMPERATURE MEASUREMENTS
ON THE SIT 8 THRUSTER

The SIT 8 thruster[2’3] was operated at its nominal discharge cur-
rent, flow rate and high voltage operating conditions while the tempera-
tures of its main and neutralizer cathode orifice plates were measured.
The objective of the work was to determine if these cathode temperatures
were sufficiently high to facilitate effective bariuvu migration on the
rolled tantalum foil inserts used in the cathodes. The interest in this
question was stimulated by variations in the keeper characteristics of
8 cm dia thruster cathodes during operating tests.

Platinum/platinum-rhodium thermocouples were spot welded to the
downstream side of the main and neutralizer cathode orifice plates.

These thermocouples were installed by cu*ting and removing the downstream
half of the enclosed keeper so a thermocouple, directed to the vicinity
of the cathode tip through an aluminum oxide tube could be attached to
the orifice plate. After the thermocouple had been installed the keeper
wes reassembled, the thruster was installed in the 1.5 m dia vacuum
facility and tested. The keeper current levels and cathode heater powers
were varied during the tests but the flow rates, discharge current, dis-
charge-keeper voltage difference and the beam current remained essentially
fixed. Figure 1 shows the variation in cathode tip temperature with
cathode power for the main cathode. Two separate sets of curves are
shown; the first one with circular data point symbols was obtained with
cathode heater power only and is labelled "no discharge." The second
set of curves were obtained at a mercury flow rate of 90 mA equiv, a dis-

charge current of ~0.6 A, a beam current of 0.072 A, a discharge-keeper



o mroee

CATHODE ORIFICE PLATE TEMPERATURE (°C)

= |7.6w
1000 / R
900}
gool  I=Ol NO DISCHARGE
%H" 56w
700}

500}

600 -{

8 cm THRUSTER
MAIN CATHODE

m=90mA

L 1 )

L L
5 10 IS 20 25 30 35
CATHODE POWER (watts)

FIGURE 1. 8 CM THRUSTER MAIN CATHODE TIP TEMPERATURES

Ry

[N L 1]



voltage difference of 29 V and the keeper currents (IK) and cathode
heater powers (PCH) indicated on Figure 1. The cathode power (Pc) on

the abscissa is calculated from the keeper current, keeper voltage

(VK), discriarge current (ID) and cathode heater power using the following
expression:

Pe = Pey * Ip + T ¥y

Figure 1 shows that the orifice plate temperature is not influenced
significantly by changes in keeper current that might reasonably be ex-
pected during the course of normal thruster operation. It also suggests
that changes in cathode heater power do affect this temperature signifi-
cantly and that at a cathode heater power of zero (normal operating
condition) the orifice plate temperature is surprisingly low (500-600°C).

Figure 2 shows a plot of neutralizer cathode orifice plate tempera-
ture as a function of cathode power. These data also include a curve
of temperature vs. cathode heater power where there was no discharge
(circuiar symbols), as well as data obtained with the neutralizer
operating. The data were all obtained at a 72 r\ neutralizer emission
current but at the two different flow rate conditions indicated on the
figure. It was observed that flow rate changes over the range 6 mA to
~ 15 mA did not affect the cathode orifice plate temperatures significantly.

The cathode power (PC) was computed for these curves from the keeper
current (IK), the keeper voltage (VK)’ the cathode heater power (PCH) and
the neutralizer current required to match the beam current (IB) from the

expression:
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In contrast to results obtained with the main cathode, the data of
Figure 2 reveal that increases in neutralizer keeper current effect
corresponding increases in orifice plate temperatures. This apparently
occurs because the keeper current is a larger fraction of the total
emission current in the case of the neutralizer cathode than it is in
the case of the main cathode. Figure 2 is also striking because of the
very low temperatures at which the neutralizer orifice plate operates

in its normal, zero heater power, operating condition (400-500°C).

Conclusion

The urifice plates of the main and neutralizer cathodes operate at
Tow temperatures under design conditions. These temperatures (400°-600°C)
are probably too low to cause barium to migrate by evaporation and conden-
sation inside the cathode. It is important to note that the insert
temperatures in these cathodes could however be substantially greater
than the orifice piate temperatures that have been measuieu. In order
to determine the magnitudes of temperature differences between the
orifice plate and the insert, tests were performed on a mock up of the
8 cm thruster cathodes. These tests involved the usc of a quartz body
through which insert temperatures could be measured optically. The

work is described in the next section of this report.
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HOLLOW CATHODE STUDIES
Darn Siegfried

A critical component of the & cm thruster hollow cathode is the
cathode insert. Its design affects cathode lifetime and performance of
mercury hollow cathcdes. Most of the concerns about hollow cathodes re-
volve around the effect of insert design on the inszrt operating tempera-
tures. These temperatures in turn affcct both the pertormance of the
cathode and the depletion rate of the low work function material that it
contains. In addition, the recent change tc a sintered tungsten insert
in the CIV cathode Ted to a nced for increased testing to explain dif-
ferences in operating keeper voltages from those that had been observed
with the foil inserts.

In order to investigate these effects, insert temperature profiles
and insert emission currents were determined for a number of different
insert configurations using a special test cathode. The effect of a
number of operating parameuzrs on keeper voltage for a cathode operating
with a sintered tungsten insert were also investigatec. The results of
these investigations will be presented and their applicability tc the CIV

cathodes used in the 8 cm thruster will be discussed.
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Apparatus and Procedure

In order to isolate the insert from the orifice plate electrically
and to provide for direct visual observétion of the insert, a special
cathode was constructed using a quartz body tube in the manner suggested
by Figure 3. The cathode consisted of a quartz tube (4.4 mm 0.D. X
2.2 mm 1.D.) with a conventional thoriated tungsten orifice plate having
a 0.25 mm diameter orifice. The end of th: quartz tube and the back of
the orifice plate were both ground flat. The plate was held tight
against the tube by a tensioning device which also acted as the keeper
electrode. This electrode was separated from the orifice plate by a
2.3 mm thick spacer as shown in Figure 3. The quartz tube was covered
on the outside by a cylindrical, tantalum foil radiation shkield which
had a narrow (~1.5 mm) longitudinal slit in it. The shield was spot
welded to the perimeter of the orifice plate and was wrapped with a wire
heater which was in turn covered by another slotted tantalum foil radia-
tion shield as shown in Fig. 3. The slot in the radiation shield
allowed direct visuval observation of the insert and internal discharge
through the quartz tube. The cathode assembly wa. mounted in the support
structure shown in Fig. 4.

The insert was attached as shown in Fig. 4 such that it was elec-
trically isolated from the rest of the structure by a quartz insulating
tube, The_insert could be moved axially during cathode operation.

Three different types of inserts were used in these tests, namely: a
single layer, rolled tantalum foil insert; a multiple layer, rolled
tantalum foil insert and a sintered tungsten insert. Initial testing
was performed using a single layer, rolled tantalum foil insert made

of 0.025 mm thick foil (3.75 mm dia x 15 mm long). This testing was
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actually begun using a larger cathode body (6.3 mm 0.D. X 4.3 mm I.D.)
thar the one described above, a 0.76 mm diameter orifice and the open
keeper configuration shown in Figure 5. Further, radiation shields
were not installed on this quartz body tube. This configuration was used

to get a qualitative feel for the insert temperature distribution and it

provided initial measurements of insert emission current. Color slides
and motion pictures of this cathode were made under various operating
conditions. These conditions included spot and plume modes of operation
both with the insert coated with chemical R-SOO* emissive mix and with
the insert nearly devoid of R-500. This cathode was operated at a flow
rate of ~150 mA. A similar single layer insert (0.025 mm thk. foil X
1.9 mm dia X 11 mm long) was operated in the smaller (2.2 mm I1.D.)
cathode of Fig. 3 but without the enclosed keeper. Temperature measure-
ments were made on the outside surface of this insert at five points along
the insert for discharge currents of 0.5 and 1.0 A and heater powers of
0 and 14 watts. Measurements were made at a flow rate of ~100 mA.

The second type of insert tested, a multiple layer rolled tantalum
foil one, was similar to the one originally used on the 8 cm thruster.
The insert was ~1.9 mm in diameter by 11.8 mm long and had 7-8 layers of
0.0125 mm tantalum foil. Four small holes extended through all but the
innermost layer of foil. By aligning the holes with the viewing slot as
shown in Fig. 3, the temperature of the innermost layer of the insert
could be determined using the micro-optical pyrometer. This cathode was
operated at a flow rate of ~ 90 ma. Temperature measurements were made
for discharge currents of 0, 0.3, 0.5, and 0.7 A at heater powers of 0
and 21.7 watts.

* J. T. Baker Chemical Company, Phillipsburg, New Jersey.
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The third type of insert tested was a sintered tungsten insert
impregnated with barium aluminate (Semicon type $S-84). This insert is
identical to those that will be used in the 8 cm thruster with the
exception of the four holes (0.71 mm dia.) drilled through one side
wall to facilitate testing. Using the micro-optical pyrometer, tempera-
ture measurements were made along the outside surface of this insert,
the inside surface of the insert opposite each of the holes drilled
through the insert and on the exposed edge of the inner radiation shield
slot. Temperature measurements were made at discharge currents of 0,
0.3, 0.5, and 0.7 A for the cases of 0, 20.8, and 40.8 watts of heater
power. The cathode was operated at a flow rate of ~ 90 ma. The effect
of various operating parameters on keeper voltage was also investigated
for the sintered tungsten insert operating at the heater powers and flow
rate noted above. During these tests the insert-orifice place separation,
the discharge current and keeper current were all varied.

In all of the above tests, insert surface temperatures were measured
using a micro-optical pyrometer. This method of temperature measurement
is influenced by both the emissivity of the radiating surface and the
transmissivity of the quairtz tube ard glass bell jar. These effects were
accountec for by calibrating the pyrometer against a platinum/platinum-
rhodium thermocouple. The calibration was carried out for samples of
both tantalum foil and the sintered tungsten insert material. In each
case the material sample was spot welded to i section of swaged heater
wire and the thermocouple was attached to the surface of the sample.

This sample/heater assembly was then inserted into a quartz tube the
same size as the cathode body and the whole apparatus was placed in the

bell jar. The surface temperature of the sample was then measured at
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various heater powers using both the thermocouple and the micro-optical
pyrometer. A1l of the results contained in this report were corrected
based on the calibration curves resulting from these tests.

The orifice plate temperatures in all of the tests were measured
using a platinum/platinum-rhodium thermocouple spot welded to the down-
stream surface of the cathode orifice plate. Since the insert and the
orifice plate were electrically isolated from each other and from the
rest of the cathode struzture iﬁ all of these tests, it was possible to
measure the emission current for each of these components. Insert and
orifice plate emission current data were recorded for all of the tests
cited above.

The cathode was operated with a keeper current of 0.2 A for most
of this testing. Exceptions to the 0.2 A keeper current will be noted

in the text which follows.

Results
Emission Current Distribution

I- the cathodes tested, when operating under normal conditions, the
emission current contribution from the insert ranged from 80 to 90% of
the total emission current (anode plus keeper current). The orifice
plate current only amounted to a small fraction of the total emission
current (G to 5%). The remainder of the current can presumably be
accounted for as ion current to internal cathode surfaces and to other
surfaces at ground potential in the facility. The relative fractions
of the current from the insert, orifice plate and structure obtained
for a given operating condition were found to be constant and very

repeatable. 'n general, the percentage of the emission current from
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both the orifice plate and the insert increased slightly as discharge
current or heater power was increased.

The importance of the insert in the emission process was also
demonstrated by disconnecting the insert from the power supply during
cathaode operation. This immediately extinguished the discharge. However,
disconnecting the orifice plate from the circuit showed little effect on
the discharge outside of a slight (less than one volt) increase in dis-
charge voltage. Wnen the orifice plate was disconnected, it was found
to float at 3 or 4 volts above ground potential. The fact that the
orifice plate can be floated with respect to ground without significantly
affecting cathode operation is considered important. By operating with
the floating orifice nlate one would expect to reduce orifice erosion
because operation in such a condition would result in a marked decrease of
the impact energy of the impinging ions.

‘Under certain circumstances, it was found that most of the emission
current could be drawn from the orifice plate. This was first observed
after applying a small drop of R-500 directly to the upstream side of
the orifice plate and then installing a new rolled foil insert which did
not contain any R-500. This cathode was difficult to start but when it
did start it ran for a very short time in a manner similar to that des-
cribed above with most of the current going to the insert. During this
period the insert glowed very red over its entire length. However,
after a few minutes all of the current shifted to the orifice plate, and
the insert stopped glowing and could be moved away from the orifice
plate or disconnected without affecting cathode oneration. The shift of
the emission site was probably due to either the depletion of the small

amount of R-500 which had migrated to the insert during warm up or to

#
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the activiation of the fresh R-500 on the orifice plate as a result of
high temperatures achieved during the first few minutes of operation.
The latter is considered more 1ikely. After operating in this mode for
a few minutes, the current gradually shifted back to the insert, stabi-
lizing at approximately the insert-to-orifice plate current ratio found
for normal operation. This appeared to be the preferred operating mode
as the discharge remained in this configuration for the remainder of the
test. Similar operation with most of the current going to the orifice
plate was observed at other times in the testing but was always associated
with startup after installation of a new insert or addition of R-500 to
the orifice plate. In all cases, after a few minutes of operation, the
emission would shift to the insert in what is considered to be the normal
condition of operation.

Another type of quartz cathode was also tested. This is shown in
Fig. 6. This cathode did not have a metal orifice plate but had an
orifice formed by heating the quartz until the end shrunk inward to give
the desired orifice size. The channel formed in this manner had the
shape illustrated in Fig. 6 with a minimum diameter of 0.76 mm.

This ail-quartz cathode started easily. During the initial operating
period it ran in a stable manner at conditions indistinguishable from the
cathode with the metal orifice plate which it replaced. During this ini-
tial period, the cathode was operated over a wide range of conditions and
was started and stopped a number of times. Both plume and spot modes of
operation were observed. The cathode operated easily at discharge cur-
rents in the range of 5 to 10 A, although operation at discharge currents
above 5 A was limited to brief periods (10 sec. or less) for fear of

damaging the orifice. At high currents the quartz orifice tended to
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enlarge reaching a maximum of ~1.0 mm after which the size remained
approximately constant. During subsequent operation it was found that
this cathode was difficult to start, that it required rather high flow
rates (150-250 mA) to operate, and that it operated at fairly high
discharge voltages (22-28 v.). Although a specific cause for this
change in operating conditions was never positively identified, the
evidence suggested that the abnormal operation was due to mercury vapor
leakage from the point between the quartz tube and the mounting structure.
These experiments inuicate that the hollow cathode will operate in
a normal manner with electron emission from the insert alone. In fact,
though the orifice and orifice plate may enter into the emission process
to some extent, the insert appears to be the praferred emission site.
The combined ion flux to the insert and electron emission from the in-
sert accounts for more than 80% of the discharge current. The successful
operation of the cathode with the quartz orifice indicates that the main
functions of the orifice appear to be as a flow restriction to maintain
a high neutral density inside the cathode and as a current path to the

downstream discharge.

Insert Temperatures )
The initial operation of the quartz tube cathode using the larger
(4.3 mm I.D.) quartz tube with a 3.75 mm dia single layer, foil insert (Fig. 5)
provided a number of interesting qualitative results worth describing.
Since the insert was a singie layer of 0.025 mm foil, the relative
emission activicy of a particular area inside the insert could be esti-
mated on the basis of the local temperature of the foil as indicated

by its color. When this cathode was operated at low currents with
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sufficient R-500 present, the insert had a glowing orange band located

near its midpoint. As the current was increased this glowing region g
extended downstream along the insert until the entire downstream portion f
of the insert was glowing uniformlyv. When the discharge changed to the
spot mode, the hottest region shifted to the downstream edge of the in-
sert which radiated intensely. The temperature was observed to decrease
monotonically toward the upstream end of the insert. When the cathode
was operated with an insert that was nearly depleted of R-500, the hot
spot associated with the emission region would migrate r.ndomly along
the surface of the insert. This migration was most rapid at low currents
immediately aftier the cathode had been operated at rather high currents
(~5 A) and was apparently related to the discharge seeking the most
advantageous surface conditions for emission. In all cases, whe. the
discharge shifted to the spot mode, the hottest region immediately
shifted to the downstream edge of the insert. The randomly migrating
emission spot observed in these tests, again stresses the importance of
surface work function on the emission process. The localized heating
which was observed with the tantalum foil inserts adds support to earlier
contentions that the predominant cathode mechanism is thermionic emission
enhanced substantially by the high fields which exist because of the ex-
tremely dense, highly conductive plasma that is present.[4]

The phenomena described atove were filmed using Ektachrome Super 8
motion picture film and Ektachrome High Speed 35 mm siide film. The
film was edited to a three minute sequence showing the effects of mode
transition and the moving insert spoc associated with depletion of R-500.
A 16 mm copy of the motion picture and accompanying description are

available for viewing upon request.
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Insert temperature profiles are shown in Figs. 7 through 13 for
the 2.2 mm 1.D. (Fig. 3) cathode using the three different types of
inserts: namely, the single layer, rolled tantalum foil; the multiple
layer, rolled tantalum foil; and the sintered tungsten inserts. All
of the figures show the insert temperature as a function of axial
position along the insert measured from the orifice plate. In addi-
tion, the orifice plate temperatures are indicated on an adjoining axis
to the left of the figure and operating conditions are shown in tabular
form using the following symbols: Iy (discharge current), Iy (keeper
current), II (insert current), Io (orifice plate current), vy {discharge
voltage), and VK {keeper voltage).

Figures 7 and 8 are for the single layer tantalum foil insert
operating at heater powers of 0 and 14 watts respectively. Figures 9
and 10 show the temperatures of the inner layer of foil for the multiple
layer tantalum foil insert operating at heater powers of 0 and 21.7
watts respectively. For the sintered tungsten insert an attempt was
made to measure temperatures on the inside of the insert by sighting
through the holes drilled through the insert along one side. It was
found that the presence of the plasma radiation made these internal sur-
face measurements unreliable. However, based on the conductivity of the
insert material and on observations made by viewing .he insert as the
discharge was turned off, it was estimated that the temperature difference
between the inner and outer surfaces of the insert was less than 25°C.
Figures 11, 12, and 13, therefore, show the temperatures measured on the
outer surface of the sintered tungsten insert operating at heater powers

of 0, 20.8, and 40.8 watts respectively.
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There are significant differences in the temperature profiles for
the three types of inserts. The single layer foil insert show. the
highest temperature at a point 3 or 4 mm upstream of the end of the
insert. This is different than either the multipie layer foil insert
or the sintered tungsten insert both ot which had a maximum temperature
at or near the downstream end of the insert. This observation of the
single foil insert is also in conflict with qualitative visual observa-
tions of the single layer foil insert in the 4.3 mm I.D. cathode which
suggested the maximum temperature existed at the downstream end of the
insert except in the plume mcde. The majority of the data suggests that
under normal operating conditions the maximum insert temperature occurs
on the downstream end of the insert. This agrees with earlier resu]ts[4]
based on Langmuir probe data that showed the maximum plasma potential
and plasma densities to also occur adjacent to the downstream end of the
insert. Since heating of the emission site results presumably from
energy transferred to the insert by ions impacting the surface after
falling through the potential drop associated with the local sheath,
the high plasma density on the downstream end of the insert would be
expected to cause the maximum temperature to occur at that position also.
The case where the maximum insert temperature was upstream of the end of
the insert was found only with the single layer, foil insert and was
rrobably due to this hot area having the lowest surface work function.
This could be because this was the region where R-500 was iritially
applied or because evaporation or migration took place in such a way
that these regions developed the Towest work function. On the other
hand, the multiple layer, foil insert replerishes R-500 only from the

ends where it can evaporate from between the foil layers and would

5
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presumably have a considerably lower work function on each end, so the
emission would be e’pected to be greatest on the upstream end. The
sintered tungsten insert has a larger thermal mass and better thermal
conductivity than the two foil inserts. It would therefore be expected
to exhibit less severe temperature gradients and to have the low work
function material evolve fairly uniformly from all surfaces. These
observations agree at least qualitatively with the temperature profiles
for the three types of inserts.

The single layer tantalum foil insert was investigated mainly be-
cause of the ease of taking temperature measurements at any point along
jts surface and because it lent itself to qualitative investigation of
effects such as the moving spot associated with a lack of R-500. This
insert has no apparent practical application, so the rest of the discus-
sion will center around the results of the multiple layer, rolled
tantalum foil insert and sintered tungsten insert.

A comparison of the multiple layer, rolled foil and sinteired inserts
can begin with a discussion of the obvious differences between the shapes
of the profiles. Figures 9 and 10 show that the multiple layer rclled
tantalum foil insert sustains much steeper axial temperature gradients
than does the sintered tungsten insert (Figs. 11, 12, 13). The maximum
insert temperature for both types of insert is found at or near the down-
straam end of the insert. However, the increase in temperature, effected
by an increase in discharge current, is greater with the rolled foil in-
sert than it is with the sintered insert. This is made particulariy
obvious in Figs. 14 and 15 which show the maximum insert temperature
plotted against the discharge current for a number of heater powers for

the rolled foil and sinterad inserts respectively. The data in Figs. 14
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and 15 for the different heater powers can be fit reasonably well by
straight 1ines and these lines are approximately parallel for each in-
sert. This indicates that the effect of discharge current on the
maximum insert temperature is essentially independent of the heater
power. This change in temperature with discharge current is much greater
for the rolled foil insert than with the sintered insert. The rolled
foil insert sees a change in the maximum insert temperature of ~315°C

for each ampere change in discharge current (Fig. 14), while the data

in Fig. 15 for the sintered insert shows a slope of only ~13/°C/A. Both
the steeper >xial temperature gradient and the greater sensitivity to
discharge current seen with the rolled foil insert can be explained
qualitatively by its lower effective thermal conductivity. Most of the
energy input to both inserts apparently occurs on the inner surface at
their downstream end where most of the emission activity is also pre-
sumably taking place and where the plasma densities are the highest.

The thermal conductance for the rolled foil insert is relatively low in
either the axial or the radial direction when compared to corresponding
conductances for the sintered tungsten insert. In the axial direction
the energy conducted away from the downstream end ot the rolled foil in-
sert is small because the foil is so thin (0.0125 mm). In the radial
direction the energy conduction is also small because of the poor thermal
contact between the layers of the insert. The two major modes of energy
removal from inserts are therefore radiant exchange between the outer
surface of the insert and the cathode body (in this case the inner radia-
tion shield of Fig. 3) and conductizn through the pigtail on the upstream
end ¢ the insert. Because the sintered insert conducts energy more

readily in both the radial and axial directions, the observation that
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it is not as strongly influenced by increases in discharge current as

is the rolled foil insert, is reasonable. On the other hand, the
energy input to the tip of the rolled foil insert is not readily con-
ducted away in the axial direction and is effectively shielded from

dissipation in the radial direction by its outer layers which act

s T Rt D ot DA = WG e WS e

effectively as radiation shields.

Keeper Voltages for Sintered Tungsten Inserts

Tne recent change to the sintered tungsten type of insert for use
in the 8 cm thr .ter resulted in a somewhat high keeper voltage. A
reduction in the keeper voltage was considered desirable, so the effect
of changes in a number of parameters on keeper voltage were investigated.
Figure 16 shows the keeper voltage as a function of the separation be-
tween the orifice plate and the downstream end of the insert for a
discharge current ID = 0.5 A and a keeper current 1K = 0.2 A and for
three different heater powers (PCH)‘ The minimum keeper voltage occurs
when the insert is near but not touching the orifice plate. The reason
for the slight keeper voltage decrease of ~ 0.5 v with the insert in
this position may be associated with the additional surface area of the
insert that is uncovered as the insert is moved out of contact with the
orifice plate. The Debye length is estimated to be extremely small
(~3 x 10'5 cm) in this region so that a small retraction of the insert
could conceivably expose the end surface of the insert to the plasma
making that region available for emission. The maximum insert tempera-
tures showed a very slight (+5°C) decrease as the insert was moved to
the position where the keeper voltage was a minimum. Further upstream

motion of the insert did not affect the insert temperature substantially
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until the insert was a few millimeters upstream. At this point the
insert temperatures began to climb. It was also interesting to note
that the orifice plate temperature dropped by about 45°C as the insert
was pulled away from the orifice place and the keeper voltage dropped
to its minimum. It is believed that this temperature drop occurred as
a result of reduced heat transfer from the insert to the orifice plate.

Figure 17 illustrates the effect of discharge current on keeper
voltage at a constant keeper current of 0.2 A for three heater powers.
The keeper voltage is observed to decrease substantially as the discharge
current is increased.

Figure 18 shows the keeper voltage as a function of keeper current
at a discharge current of 0.5 A for three heater powers. This figure
suggests what appears to be an attractive method for reducing keeper
voltage. The keeper voltage at the nominal opsrating conduction
(ID = 0.5 A; 1

= 0.2 A, PCH = 0) is 17.5 v. By running with a neater

K
power of 40 w, it is possible to reduce this by 4 voits to 13.5 v. This
would have an additional benefit in raising the maximum insert tempera-
ture to ~1010°C (Fig. 19) where the test cathode data suggest the cathode
operates very stably. Coupling this heater power increase with a re-
duction in keeper current would result in a further reduction in keeper
voltage without the loss in keeper discharge stability which ordinarily
accompanies a reduction in keeper current. Figure 13 shows that de-
creasing the keeper current to 0.1 A for a heater power of ~ 40 w causes
an additional one volt decrease in keeper voltage to VK =n 12.5 v.
Figure 19 shows the effect of keeper current on maximum insert tempera-
ti:  for the cathode operating at 0.5 A discharge current. For operation

at a keeper current of 0.1 A and with a heater power of ~ 40 w the maxi-

mum insert temperature is ~ 1000°C.
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Application of Results to CIY Cathode

The thermal configuration of the cathode-heater assembly used in
these tests is quite different from that of an actual CIV cathode
assembly. In order to utilize the test results presented here directly,
some parameter commor, to the two cathodes needs to be defined. A
reasonabie choice for this parameter is the tempe:-ture of the surface
with which the insert undergoes radiative heat exchange, that is the
inner radiation shield in the case of the test cathode and the cathode
body tube in the case of the CIV cathode. This is considered a reason-
able choice because the major mode of heat exchange between the insert
and these surfaces should be radiative. Figure 20 shows the temparature
near the downstream edge of the inner shield as a function of electrical
heater power for the case where there is no discharge in the quartz
body test cathode. This figure can be used to provide a tie batween an
actual CIV cathode and the test cathode in the foliowing way. First,
the cathode tip temperature would be measured in a CIV cathode at the
heater power being considered but with nodischarge. This temperature should
be about equal to the corresponding cathode body temperature for the
CIV cathode. It would then be used to enter Figure 20 to determine the
heater power required in the test cathode to produce this same temnera-
ture at the 1nner radiation shield. Once the test cathode heate- power is
known, it can be used along with discharge and keeper currents to enter
Figures 11 to 13 and 19 to determine the insert temperature profile
that should prevail in the actual CIV cathode under corresponding con-
ditions. Although this technique is crude, it shouid provide a reason-
able estimate of insert temperatures in other cathodes employing this

same insert. As an example of the application of this procedure assume
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the tip temperature for the CIV cathode without a discharge is 975°C
for a heater power of 10 watts. Figure 20 shows that a 975°C shie'd
temperature correspords to a heater power of ~ 30 w in the quartz

body test cathode. The results for the test cathode shown in the
earlier figures can now be entered at a 30 watt heater power i¢ de-
termine insert temperature. For example,using Fig. 19 and interpolating
between curves for a heater power of 30 w,one sees the maximum insert
temperature in the CIV cathode at a 10 watt heater powar should be

~ 1000°C at a discharge curreni of 0.5 A and a keeper current of 0.2 A,
Although estimating keeper voltage reductions in a CIV cathuae ivom
these data is open to considerable question, Fig. 18 does sugysst that
for these same discharge conditions (ID = 0.5 A, lK = 0.2 A) increasing
CIV heater power from zero to 10 watts (zero to 3C watts 'n the test

cathode) might veduce keeper viltage by ~ ¢.75 volts.

Effect of Excessive Insert Temperatures

During the course of the sintered incert tests, the cathode was
operated av a heater power of 65-70 w. Operation at this high heater
power showed that excessive temperatures can cause a rapid but reversibie
degradation of cathode perfermance. With the cathode operating at a dis-
charge current of 0.5 A (IK = 0.2A), the heater power was increased to
65-70 w. Though the cathode temperatures were not being measured at
this time, the shield temperature was probably on the order of 1300°C
and the insert temperature in excess of 1150°C. After a few minutes at
these conditions, the keeper and discharge voitages started to increase
substantiz1ly, The physical reason for this is not apparent. The

heater power was immediately cut back to 20 w but the vcltages remained
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high (VD = 25 v; VK = 20 v). Cathode operation was continued at a
heater power of 20 w, and the voltages gradually returned to normal
after about 1% hours. One possibie explanation of this phenomenon
might be that the high insert temperature somehow resulted in surface
depletion of barium causing the high operating vcltages. The surface
was then reconditioned by migration of material from within the insert
after the temperature was reduced back to normal ievels. Additional

tests which verify this observation and provide some physical explana-

tion are considered desirable.

Conclusions

In the normal operating condition 80 to 90% of the emission current
from a hollow cathode comes from the insert. The hollow cathode will
operate in a normal manner with electron emission from the insert alone.
The main functions of the orifice appear to be as a flow restriction to
maintain a high neutral density inside the cathode and as a current path
to the downstream discharge.

The maximum insert temperature generally occurs at the downstream
end o7 the insert; and its rate of increase with increasing discharge
current is essentially independent of heater power. This rate amounted
to ~ 315°C/A for the rolled tantalum foil insert and ~ 137°C/A for the
sintered tungsten insert. The local surface work function is apparently
important in determining the loc:ation nf the emission and thereby in-
fluences the insert temperature profile. When insufficient Tow work
function material is present the insert can develop local hot spots
which migrate randomly across jts surtace. Excessive cathode heater

powers can result in a substantial rise ir both discharge and keeper
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voltages for sintered tungsten inserts. This effect is at least
partially reversible when cathode heater powers are returned to normal
levels.

Keeper voltage for the sintered insert could be decreased by in-
creasing the heater power and decreasing the keeper current in a manner
that shoulid result in stable discharge condition with lower keeper
voltagas and reasonable (~ 1600°C) insert temperatures. Knowledge of
the CIV cathode body temperature as a function of heater power when
there is no discharge is proposed as a link to the results of a test
cathode, which has a different thermal configuration than the CIV

cathode.
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SCREEN HOLE P WA
SHEATH INVESTIGATION

Graeme Aston

The physical characteristics of the plasma sheath that surrounds
the screen holes of an ion accelerator system are not well understood.
Knowledge of how the screen hole plasma sheath varies in position and
shape as a result of plasma density (i.e., beam current) and grid
geometry variations is important. These physical characteristics of
the screen hole plasma sheath afiect directly such things as the
divergence of the beam ions ejected from the accelerator system, direct
jon impingement upon the accelerator grid with its associated erosion,
ion bombardment and erosion of the screen grid, and the magnitude of
the ion current which can be extracted from the plasma. Some theoretical
and experimental work has beern done on determining the physical charac-
teristics of the screen hole sheaﬁh.[S’s] However, the available infor-
mation is sketchy, 1imited to a couple of idealized cases and of little
use in facilitating a general understanding of the sheath phenomena.
Therefore, it was felt that a thorough experimental investigation of
the screen hole plasma sheath was necessary. This report deals briefly
with some of the important aspects of this investigation and presents
some of the preliminary results that have been obtained, with comments

on possible further work.
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Accelerator System Scaling

In order to make accurate measurements of the physical character-

e mwe h«\’twmm'-»m;w

istics of the screen hole plasma sheath (i.e., position, shape and
structure), it was necessary to use a large accelerator system so
adequate spatial resclution could be achieved and so the probe would
not perturb the plasma significantly. This was done by increasing the
screen hole diameter from a value of 2.06 mm, which is typical of ion
thruster accelerator systems, to a diameter of 12.7 mm. The other
geometrical parameters were also scaied directly by the ratio of these
two diameters so geometric similarity was maintained. It was important
to determine whether the maximum normalized perveance per hole and ion
beam divergence characteristics of such large apertures were any different
from those of the smaller ones typical of most ion thrusters.

Figure 21 shows the effect of screen hole diameter cn the maximum
normalized perveance per hole value for grid sets having similar non-
dimensionalized geometric parameters. The symbols used in Figure 21
are total accelerating voltage (VT)’ discharge voltage (VD), net-to-total
accelerating voltage ratic (R), grid separation distance (zg), screen
grid hole diameter (ds), accelerator grid hole diameter (da)’ screen
grid thickness (ts) and accelerator grid thickness (ta). The non-
dimensionalized grid set parameters shown in Fig. 21 are similar to
those of the SHAG accelerator system, which is presently used in most
ion thrusters. From Fig. 21 it can be seen that there is little effect
on the maximum normalized perveance per hole as the screen hoie diameter
is increased above about 2.0 mm. There is a pronounced effect though
when the screen hole diameter is reduced below 2.0 mm. However, this

r
effect in the region below 2.0 mm has been reported previously‘7] and
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presently does not appear to represent a region of interest for ion
thruster accelerator systems presently. Ion beam divergence data were
also obtained for the larger grid sets shown in Fig. 21 (dS = 6.35

and 12.7 mm); these divergence characteristics were in close agreement
with those already shown to be similar for the three smaller grid sets
(dS = 2.06, 1.5 and 1.00 mm). So in summary, scaling up grid systems
from 2 mm dia screen grid apertures to larger sizes does not appear to
affect the maximum normalized perveance per hole or ion beam divergence
characteristics so long as similar non-dimensionalized grid parameters
are maintained. This result greatly extends the range of usefullness

for the ion beam divergence data published previously.[7’8]'

Sheath Procbing Technique

Figure 22 iilustrates the basic screen hole sheath probing technique
that will be used in studying screer grid sheath movemert. Briefly, the
probe (Fig. 22a) consists of a tantalum electrode of which all but the
end has been encased in quartz tubing. The tantalum probe end, which
is exposed to the ion source discharge chamber plasma, is a 0.70 mm
diameter ball formed by striking an arc to the wire tip with a heli-arc
welder. Figure 22(b) shows the probe positioned within the ion source.
The ion source fab.icated for this study had a mildly divergent magnetic
field and a cylindrical anode 8-cm in diameter. As seen in Fig. 22(b),
the probe i5 connected to the anode through a variable resister.

The probing technique consists of first aligning the probe at some
point of interest on the central hole of the seven hole accelerator
system {Fig. 22{c)). The probe is then moved back deep within the dis-

charge plasma and the plasma density is varied until the desired beam
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current (and hence, screen hole sheath position of interest) has been
reached. The variable resistor is then adjusted until a potential dif-
ference of one volt is detected across it by a high impedance voltmeter.
The resistor is then left untouched as the probe is moved into the sheath.
Since the sheath represents a region of rapid drop off in electron
density, it follows that as the probe enters the sheath region the
electron current to the probe will begin to fall off. This will reflect
itself as a decrease in the voltage drop across the variable resistor.
As a result of moving the probe from deep within the discharge plasma,
through the central screen hole sheath and on into the ion acceleration
region, one obtains a probe current versus probe position trace similar
to the one shown in Fig. 22(d). Since the variable resistor is not
altered once a peak signal voltage of one volt has been obtained, re-
ductions in this voltage caused by moving the probe into the sheath are
proportional to reductions in electron current reaching the probe. Hence,
the designation of normaiized net probe current shown in Fig. 22(d). This
quantity is negative tu reflect the fact that electrons are the dominant
current carriers within the plasma. Figure 22(d) permits a determination
of the screen hole plasma sheath location to be made. For a first cut,
the plasma sheath location was defined as that point where the normal-
ized net probe current had dropped to 10% of its peak value of -1.0
which had been measured with the probe situated deep within the plasma.

Figure 23 shows probe response curves obtained with the probe
aligned on the axis of the central screen hole. For these data the
following parameters were held constant:

screen hole'diameter dS = 12.7 mm,

grid separation ratio 1g/dS = 0.390,

T R

o
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accelerator hole diameter ratio da/ds = 0.642,

screen grid thickness ratio tS/d3 = 0.120,

accelerator grid thickness ratio ta/dS = 0.180,

total accelerating voltage VT = 1100 volts,

net-to-total accrlerating voltage ratio R = 0.7,

discharge voltage VD = 40 volt.
The curves in Figure 23 show how with increasing beam current (or
normalized perveance per hole) the center of the sheath moves down-
stream into the screen hole. The maximum normalized perveance per

9 amp/volt3'.2

hole obtainable with this grid set was 4.70 X 10~ ., SO the
two normalized perveance per hole conditions shown in Fig. 23 cor-
respond to beam current increases from 20% to 80% of the maximum beam
current obtainable from the grid set.

Additional p.obe response curves were obtained at the normalized
perveance per hcie values examined in Fig. 23. These additional data
were taken at probe lor.ations other than the screen hole sheath ax:s
and together with the curves of Fig. 23, and the arbitrary screen hole
sheath position definition discussed earlier, it was possible to re-
construct the sheath position and shape. The resuits of this recon-
struction are shown in Fig. 24. The sheath for the smaller beam current
is, on the average, 2.5 mm further back from the screen grid than that
for the larger beam current. Also, the small beam current sheath has
a shape, particularly at its extremities, that one classically assumes
will give poor ion focusing; a condition that is known to exist at low
beam currents.[7’8] The error bars shown apply to each data point.

The size of these error bars is determined by uncertainties in the

prohe positioning apparatus. It should be noted that when the beam

ke e @ g
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current was increased to very near its maximum, the screen hoie sheath

was observed to move into the screen hole itself.

Refinements in the Experiment

The sheath probing technique discussed earlier was developed
originally to provide an estimate of the sheath position only. However,
the probe response curves presented in Fig. 23 indicate a sheath thick-
ness of the order of a few miilimeters. It is felt that this thickness
is great enough to parmit determination of the sheath structure (i.e.,
the electron and ion number density profiles through the sheath). The
present sheath probte design is unsatisfactory for this task because
this probe remains biased at near arode potential as it is moved within
the sheath. Figure 25 illustrates ihe shortcoming of holding the probe
at a fixed potential as it is moved axially. With the present probe at
position XX the surrounding plasma is only slightly perturbed due to its
presence because the probe potential is very near anode potential and
hence onlvy a few volts below plasma potential. But, when the probe is
moved to position YY the potential in the sheath may be ten or twenty
volts below the discharge plasma potential. Hence, the probe, because
it is biased constantly at near anode potential, could be 15 volts
positive of che potential at position YY without the probe present.
Thus, with the probe at position YY, electrons which would ordinarily
be reflected back into the discharge because of the retarding accelerator
grid potential could reach the probe tip.. This can occur because the
electrons are being attracted by the near-anode potential biased probe.
So, in a sense the sheath has been stretched because of the presence of

the probe. This error would appear to be a systematic one and so the
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results prese.ted in Fig's. 23 ana ?4 are probably still qualitatively
correct. The mepgnitude of this sheath stretching effect is estimated

to be small because only the high energy tail of the Maxwellian elec-
trons and the primary electrons wculd be capable of fallowing the sheath
probe for any significant distance and their percentage of the total
electron popuiation can be expecced to be smail.

One could determine the electron and ion number density profiles
through the sheath if he could obtain the potential variation through
the sheath as a function of distan~e. What is required then is a prove,
positioned at any arbitrary position Y: within the sheath, that can be
used to determine the potential of the equipotential contour passing
through that point. The probe can then be biased to plasma potential,
the electron current to it can be measured and the Tocal eiectron and
ion densities can be calculated. Usuaily, plasma potential can be
estimated fairly accuraiely from a Langmuir probe trace. Aithough con-
ditions within the sheath are not those of a plasma, it is felt that
certain plasma potential measurement methods may still apply. The probe
designs being considered for this task make use of the emissive hairpin
probe technique, scaied to very small sizes. Construction of these nun-

perturbing probes and the sensing equipment is presently underway.



ADVANCED ACCELERATOR SYSTEM DESIGN
Graeme Aston

It is generally desirable to increase beam current densities sub-
stantially above the values of present grid systems and previous ion-
optics studies have shown that reducing the screen-to-accelerator grid
separation distance increases the beam current density most dramatica]]y.[7’8]
Figure 2o shows this effect in the form of a plot of grid separation
ratio (zg/ds) against maximum perveance per hoie for the case where tae
accelerator hole diameter ratio (dafds) is 0.642. The correlation of
maximum perveance per hole with the natural log o€ the naturai log of the
grid separation parameter is empirical rather than physical in basis.
Aithough a number of other parameters were held constant for the data of
Figure 26, the correlation is quite usetul because previous studies[7]
have shown that parameters other than the grid separation ratic and
accelerator hole diameter ratio do not affect the maximum perveance
significantly, as long as the screen hole diameter dS is greater than
2 mm. "hanges in propellant do change perveances, but this effect can
be accounted for by multiplying the arcon perveance values of Figure 26
by the square root of the ratio of the atomic weight of argon to the
atomic weight of the propellant being used. The accelerator hole
dimeter ratio (da/ds) fer the data of Figure 26 is typical of values
used in current grid systems, and the effect of changes in this parameter
on maximum perveance can be estimated from previously publisked ion optics
data.[7]

Conventional two-grid accelerator systems are 1.mited in the maximum
beam current they can extract from the discharge plasma by the requirement

that the grids not touch during operation; this leads to the condition
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of maintaining specified span-tc-gap ratics. Figure 26 suggests that
the scieen and accelerator grids would have to be spaced about 0.2 mm
apart to faciiitate operation at a beam current density per hole of
about 30 mA/cm? at VT = 1100 v. Such a grid spacing would necessitate
an accelerator grid system diameter of only a few centimeters to insure
reliable operation. Even if such an accelerator system could be built
and operated successfully it would still not be optimum because of the
finite thicknesses of the screen and accelerator grids. These grids
are recessary to maintain the required accelerating potential distribu-
tion, but the thicknesses of the grids correspond to regions through
which the ions are not being accelerated appreciably. From the point
of view of ion acceleration then, one would like to reduce these grid

thicknesses to a minimum.

Ceramic Accelerator System

The attainment of high beam current densities without the attendant
problems of closely spaced grids has been achieved using glass-coated
accelerator grid systems.[gl Although such grid sets are subject to a
sputter coating phenomenon which 1imits thc.r lifetime, there are
applications where the Tifetimes one attains with them are acceptable.
This grid concept was therefore considered worthy of study and a grid
set was constructed which incorporated the following features: A ceramic
plasma hoider, a thin silver/platinum accelerator grid coating fired
onto the ceramic plasma holder and a carbon decelerator grid <paced
slightly downstream of the plasma holder and silver/platinum coating.

Two, seven-hole hexagonal array grid sets were fabricated and tested;
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their design features are shown in Fig. 27. The basic design is similar
in concept to the composite grids of Banks and Bechtel.[g] However, in
this case the plasma holder was made from a machinable glass ceramic
(MACOR) obtained from the Corning Glass Works. Because this material
is machinable it affords the designer gireater flexibility in grid
design and more accurate control during fabrication. Figure 28 shows
a comparison of the grid leaxage current properties of MACOR ceramic,
compared with the borosilicate glass used by Banks and Bechtel. At
temperatures above about 500°K where grids might be expected to operate
the volume resistivity of the MACOR is higher and it exhibits lower
leakage currents. Unlike the composite grids of Banks and Behtel, where
borosilicate glass was electrodeposited over a conventional molybdenum
grid, a silver/platinum coating was fired onto the downstream side of
the ceramic plasma holder to serve the function of an accelerator grid.
This silver/platinum coating was a pracious metal ink (Engelhard #A3147)
containing 78% silver and 2% platinum by weight in solution. This ink
was painted onto the ceramic plasma holder and fired at 850°C for
10 min. at an average heating and cooling rate of 7°C per minute.
Guidelines developed during three-grid accelerator system tests
suggest that the decelerator grid hole aiameter should be 25% larger
than the accelerator grid no]e.[81 Attempts to fabricate a carbon grid
which would satisfy this criterion and match the hcle spacings of the
ceramic grid apertures of Figure 27 were not successful. The decelera-
tor grids of Figure 27, having aperture diameters ~ 15% greater than
those of the accelerator grid, were therefore made. These smaller de-

celerator grid holes resulted in decelerator grid impingement currents

that were higher than would be observed with properly designed apertures.
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It was noted that putting a small 45° chamfer on the downstream side
of the decelerator grid holes (Fig. 27) reducea the decelerator grid
impingement currents.

Single hole grid sets fabricated prior to the seven-hole designs
shown in Fig. 27 indicated that while the ceramic plasma holder could
be machined successfully to a thickness of 0.25 mm, such a thin grid
was not necessary. The pl'asma sheath surrounding a thick single hole
ceramic plasma holder was probed and found to be well inside the hole.
The plasma sheath moved further into the ceramic arid hole as the plasma
desnity was increased. There appeared to he no degradation in beam
current density when using a thick rather than 2 thin plasma holder;
though some reduction in discharge losses would be expected with the thin
plasma holder.

Table I compares the maximum beam current densities for both the
large and small seven-hole ceramic grid sets of Fig. 27 with that of
the highest perveance convential two-grid set examined during the
previous ion-optics study.[7] These data were obtained by increasing
the discharge current thereby increasing the discharge chamber plasma
density until some physical limitation was reached. In the case of the
conventional two-grid set this limitation was reached when the accelera-
tor grid impingement currents became excessive. For the ceramic grid
sets a limitation on available cathode heater and/or arc powers was
reached before the accelerator grid impingement 1imit. Higher current
densities than those given in Table I could therefore be expected with
the ceramic grids. Average current densities of Column 2 of Table I
were calculated by dividing the maximum beam current by the ratio of

the accelerator grid open area to the accelerator grid open area fraction.
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TABLE I

B S i b i

Maximum Beam Current Densities

VT = 1100 volts
VD = 40 volts
R= 0,7

Argon Propellant

ACCELERATCR AVERAGE
SYSTEM TYPE ION CURRENTZDENSITY
(mA/cme)

LARGE 7-HOLE
CERAMIC GRID 7.1

SMALL 7-HOLE
CERAMIC GRID 15.0

BEST 79-HOLE
CONVENTIONAL CARBON
2-GRID SET 9.6
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The small 7-hole ceramic grid set is observed to exhibit the highest
current density, and it is noteworthy that this value could have been
higher if power supply limitations had not been encountered. The

Jarge 7-hole ceramic grid set exhibited a Tower average current density
because the open area fraction of this grid set was substantially less
than that of the small 7-hole set. The beam current per unit open area
of ceramic grid sets were in fact both about 29 mA/cmz.

A problem with the ceramic grid set designs of Figure 27 is that
the beam divergence angles measured with these designs are large.
Divergence half angles of 20° to 25° (for a 95% enclosed current cone)
were typical for the small seven-hole ceramic grid set operated at the
beam current density of Table I. Another problem was electron back-
streaming. The large seven-hole ceramic grid set showed an electron
backstreaming level of = 20% of the beam current (the necessary correc-
tion was made in the data of Table I so only ion current is shown). The
small seven-hole ceramic grid set showed no signs of any electron back-
streaming.

No lifetime testing was done, but indications were that back-
sputtered conducting material coatings would be the dominant failure
mechanism of the grids. In applications where long lifetimes were not
necessary however such grids should be useful. The concept used to
fabricate the grids might also be useful as a quick, lTow cost method

to obtain thin grids for perveance testing.

Conclusion
Large beam current densities can be obtained with the ceramic grid

set design outllined in this section. The thickness of the ceramic
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plasma holder does not seem to affect the maximum current density which
can be drawn from the grids. Probe data suggest this occurs because

the sheath is located well within the plasma holder at high current
density operating conditions. As plasma holder hole diameter is in-
creased above about 1.5 mm, the accelerator grid thickness must be
increased to prevent electron backstreaming. This could be accomplished
by coating a ridge around the aperture with the silver/platinum coating
used to form the accelerator grid in order to depress the potential on

the centerline of the aperturc.



DISCHARGE CHAMBER SPUTTERING STUDIES

The lifetimes of discharge chamber components are frequently de-
termined by the erosion rates of those components. This erosion is
caused by discharge chamber ions (primarily doubly-charged ones) which
strike these surfaces and sputter material away. It has been observed
that impurity atoms present in the discharge chamber and on discharge
chamber surfaces can effect the erosion rates of these components.
Nitrogen for example has been shown to reduce sputtering rates of dis-
charge chamber materials greatly even when it is present at very small

[101 14 is considered 1ikely that even the mercury

partial pressures.
propellant may alter the erosion rate of a surface from that which might
be expacted for the case of doubly-charged mercury ions bombarding a
clean surface. Such an effect might be caused by singly-charged mercury
jons which hit the surface with insufficient enerqy to cause sputtering,
but enough energy to cause the iors to be imbedded in the base material
where they can absorb some of the energy of the incoming doubly-charged
ions.

The measurement of sputter erosion rates has become a matter of
considerable interest because these rates can determine the lifetimes
of thrusters. Sputtering rates can be determined in a discharge chamber
environment by actually operating a discharge chamber for a known period
of time, measuring the depth of sputter erosion and then calculating the
erosion rate. In order to obtain accurate values however very long test
times are required. In order to facilitate shorter tests, other less
direct methods have been pursuad. One of these methods involves in-

stailing multilayer erosion test patches. These patches are made by
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alternating very thin layers (several hundred angstroms thick) of the
material being tested with copper layers of similar thickness. By
counting the number of layers of known thicknes that are eroded during
a few hours of testing the erosion rate can be determined. A question
can however be raised about the validity of such a test, namely; can
the ratio of the erosion rate of copper to that for the test material
be assumed to be the same as the value determined from measurements on
pure copper and pure test metal? If this can be assumed then the test
can be used, but if the presence of the copper induces an effect such
as coning[]]] then the results may not be accurate.

In order to determine the effects of such impurities as copper and
nitrogen on the erosion rates of various thruster materials the test~

described in the following paragraphs were conducted.

Apparatus

These tests were conduced in a 12 in. dia. bell jar facility pumped
by a 4 in. dia. diffusion pumping system. The ijon source used was a
15 cm dia. multipole design utilizing anodes and pole pieces on the up-
stream face of the source only (no sidewall anodes or pole pieces). The
source used argon working fluid and the argon pressure was typically

~ 5 x 1072

torr during operation. Figure 29 shows the ion source with
the test specimens arranged in the jon beam for sputter erosion testing.
A test specimen consisted of a flat glass substrate ontc which a layer

of test material had been sputter deposited. Tais material was then

partially covered by a ~ 1 mm thick graphite stield that had been undercut

in the manner suggested in Figure 29. As a test specimen was exposed to

an ion beam, material was protected where it was covered by the graphite
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shield and eroded whers it was not. This resulted in a gradual step

having a height which could be measured using an optical interferometer
(Angstrometer) atter exposure to the beam had been terminated. Test
specimens were typically 1 cm by 4 cm and the ion beam was sufficiently
uniform that five such specimens could be exposed simultaneously.

Severai kinds of glass substrates ranging from opticai flats to photo-
graphic plate glasswere tried during the course of the tests and photographic
plate glass was found tobe sufficiently flat for this application.

Effect of Copper on Molybdenum Erosion Rc "es

Several tests were conducted wherein multilayer erosion samples
(copper/molybdenum) were exposed to a 150 eV argon ijon beam having a
current density of 0.9 mA/cmz. In order to obtain compara .ve data on
the effects of copper four test specimens having the following cumposi-
tions were exposed to the beam simultaneously:

o One molybdenum layer - 4500 R thick

o Five molybdenum Tayers alternated with copper layers - each one

900 A thick
0o Ten molybdenum layers alternated with copper - each one
450 R thick
o Twenty molybdenum Tayers alternated with copper - each one
225 R thick
These specimens were fabricated at C.S.U. and considerable care was
exercised to insure that they were kept clean. Molybdenuis was always
used as the top layer and the specimens were kept under vacuum to
minimize oxidation except when they were being transferred between

vacuum facilities.
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Table II shows the erosion depths measured using the Angstrometer
for each uf the samples exposer to the ion beam during the conduct of
the five tests. Column two shows the duration of each test. Columns
three through six show the total erosion depths for the four different
sample configurations. Immediately under ea~h tetal depth are the
calculated depths of moivbdenum and copoer (in parenchesis). For example
in the second test, the specimen having five 900 R molybdenum layers
separated by five 900 R copper layers showed a total erosion of 5712 ﬁ;
3012 K, of this thickness was estimated to be molybdenum and 2700 R was
estimated to be copper. The term "estimated depth” is used when referring
te the copper and mulybdenum because these depths were computed on the
basis of nominal laver thicknesses. These nominal layer thicknesses
were in turn determined from sputter deposition times divided by deposi-
tion rates for each material. Deposition rates were determined in a
series of deposition calibration tests ard were not measured on the
actual specimens. It is intrresting to note from the data of Table II
that the depth of molybdenum eroded is only sligntly less when copper
is present than it is when none is present.

Several tests were conducted in which the erosion rates of copper
and molybdenuin were measured separately. Based on these tests it was
found that copper eroded at 157 ¥ 39 R/min and molybdenum eroded at
26.6 * 4.5 R/min. Using these erosion ratzs th2 time required to erode
through the thicknesses of copper and molybdenum given in Table II were
computed. The calculated times are presented in Table III for each of
the samples tested along wi*h the measured duration of each test. The
bottom row of data in Table III shows the mean difference bctween the

actual test times and the corresponding calculated values normalized



. v
P ]

- e —————

65

TABLE II

Copper/Molybdenum Test Results

EROSION DEPTH DATA FOR
Test
Test | Duration One 4500 R Five 900 R Ten 450 R Twenty 225 &
(min) Moly Moly/Copper | Moly/Copper | Moly/Copoer
1 120 2836 R 4819 & 5585 & 5153 K
(2835/0) (2700/2119) | (2885/2700) | (2678/2475)
2 120 3050 K 5712 K 4870 & ag10 R
(3050/0) (3012/2700) | (2620/2250) | (2475/2335)
3 120 3135 K 4254 K 4785 R 5562 R
(3135/0) (2454/1800) | (2535/2250) | (2862/2700)
4 120 2827 R 4207 R 4240 R 4233 &
(2827/0) (2407/1800) | (2250/1990) | (2208/2025)
£ 96 3297 R 5890 R 5890 R 6063 R
(3297/0 (3190/2700) | (3150/2740) | (3138/2925)
Key Total depth

(Moly depth/Cu depth)
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TABLE III

Effect of Copper on Molybdenum Sample Erosion Times

Calculated Time to Reach Measured Depth
Test (Min) ,
Test Duration One 4500 & Five 900 R Ten 450 R l Twenty 225 R
# (min) Moly Moly/Copper | Moly/Copper : Moly/Copper
B 120 107 s . 12 17
2 120 115 130 ns | 108
i - +
'3 120 ns 104 110 L 125
4 120 106 102 97 " 96
T : >
"5 96 124 ! 137 136 137
| r
Mean differerce 0.00 . 0.04 0.03 . 0.03
;between measured ) =
and calculated 017 i t0.24 ¥0.23 l *9.24
e | |
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using the actual test time for each o€ the sample configurations. These
data suggest that the presence of both materials results in a

3% to 4% increase in erosion time over that value which would be ex-
pected from calculations based on erosion rates of pure materials.
Further, the thickness of the layers does not appear to affect the re-
suits. It is noted however that the scatter in the data is large (with
one standard deviation being 17% to 24%). These data do suggest however
that erosion rates of molybdenum obtained using detectors fabricated
using alternate layers of molybdenum and copper should give a reasorably
accurate measure of erosion rates of the pure molybdenum at ion energies
of 150 eV.

The tests reported in the preceeding paragraphs are not considered
complete. Additional tests are planned in a2 cleaner lower background
pressure environment. These tests will be conducted at ion energies
that are closer to the doubly-charged ion energies observed in mercury

bombardment thrusters.

Effect of Nitrogen on Erosion Rates

Numerous tests of the effects of background in. ity gases on
sputtering rates of discharge chamber materials are ; csently being
conducted. In order to minimize the times required to obtain the data
however, they are generally measured using alternatively layered badges
similar to those just described or else these rates are inferred from
optical line radiation measurements. Such radiation measurements
examine the ratio of the radiation intensities for a test material line

to that for a propellant line.
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The purpose of the test described here was to measure the erosion
rates of various materials directly as a function of nitrogen partial
pressure in the bell jar where the sputtering was taking place. It
should be pointed cut that nitrogen entered the ionsourcewhere it became
subject to ionization and dissociation. The current density of these
various nitrogen species can be calculated using the model described in
the next section of this report.

This study of the effect of nitrogen partial pressure on sputtering
rates of discharge chamber materials was accomplished by fabricating
(sputtering) samples of the test materials on giass substrates and then
eroding them in the manner suggested in Figure 25. Tnree materials
common to thruster construction were used in the test, namely: type 304
stainless steel. molybdenum and tantalum. Three samples were exposed
to the 150 eV, C.9 mA/cmZ, argon ion beam simultaneously (one sample of
each mater:ial). For each test conducted, the nitrogen partial pressure
in the bell jar was set and maintained at a constant value. After the
samples had been sputtered, they were removed and the height of the step
machined in each sample was measured optically. VFigure 30 shows the
erosion rates determined by dividing this height by the test duration
for the various materials at nitrogen partial pressures in the range
around 10'4 torr. The data show a several fold reduction in erosion

6

rete as nitrogen partial pressure is increased from about 10~ torr to

-4
3 x 107 torr. It should be pointed out that partial pressures near

zero were not measured; rather, they were estimated to be of order 10'6
torr b~sed on the nitrogen impurity level in the argon test gas and the
ultimate pressure of the vacuum system. Recent tests have shown that
nitrogen partial pressures should be below ~ ]0'8 torr are necessary

to insure the protective effects of nitrogen are e1iminated.[1z]
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A new, cleaner facilitv is teing assembled to repeat these tests.
They will be conducted at lower ion energies, closer to the energies of

doubly-charged ions in discharge chambers.

Nitrogen Chemisorption Rates in lon Thruster Discharge Chambers

It is desirable to be able to compute the effect of nitrogen on the
erosion rates of thruster materials so data obtained with nitrogen present
could be corrected. The first step in the development of such a model is
to calculate the arrival rate of reactive nitrogen species on discharge
chamber walls. Such a model is developed in the following paragraphs.

It appears that the observed reduction in erosion rates of thruster
materials occurs as a result of sputter resistant nitrides of thruster
materials which are formed when reactive atomic and ionic nitrogen pro-
duced in the thruster discharge chamber strike the thruster walls. In
a typical discharge chamber, the electron-bombardment induced reactions

that appear to be important in the generation of the reactive species

are:
N2+e'+N"+N+2e‘ (1)
N2+e'->2N+e' (2)
N, + e » N + 2¢ (3)

Of the species appearing in the above equations molecular nitrogen
(NZ) is the most abundant. Nitrogen molecules probably do not reactwith the
wall materials at a significant rate however for two reasons. First,
the dissociation energy of this specie is high and sufficient energy to

effect dissociation is not available at the wall. Second, the wall
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temperature is sufficiently high to cause the molecules that strike
chamber walls to be rejected from them almost immediately. It is
obvious that atomic icns and atoms of nitrogen are very reactive and
that they would be chemisorped on a surface when they strike it. The
mechanism by which molecular ions are adsorped is not so obvious. This

[13]

mechanism, referred to as impact-activated adsorption, involves the
acceleration of molecular ions to substantial eneirgies through the plasma
sheath which exists i1t cathode potential surfaces. These ions acquire suf-
T ~ient energy as they pass through such a sheath that they can dissoci-
ate when they impact with the surface. The sticking coefficient for
the atomic species should be essentiall: unity while that for the
molecular ions is about 50% for impact with molybdenum surfaces at the
~ 40 eV ion energies which might be expected from typical discharge
chamber p]asmas.[]3] Calculation of arrival rates for the important
species requires a knowledge of the reaction cross sections. Cross
sections for the production of ail atomic species lumped together
(Eqn. 1 and 2) are given in Reference [13] as a function of bombarding
*

electron energy. Cross sections for the reaction of Equation (3) are

given in Reference [14].

Theoretical Developmen:
The rates for the reactions given in Egns. (1), (2), and (3) are
proportional to the molecular nitrogen density in the d’'scharge chamber,

and this density is in turn determined by the nitrogen b. ance between

The cross sections for reactior of Ean. (1) alone are given in
Refererce [15]. For the purposes cf this work it is not necessary
to distinguish between atomic i1ons and atoms so the Tumped cross
sections for the reactiuns of Eqns. (1) and (2) will be used.

e e s i T OB
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inflow and outflow through the grids to and from the vacuum tank.
Figure 31 is a schematic diagram of the vacuum tank containing a dis-
charge chamber. In the vacuum chamber the nitrogen molecular density
(no) is related to the nitrogen partial pressure (Po) and the tank

wall temperature (To in °K) through the state equation

n=0__’ (4)

where k is Boltzmann's constant. It has been assumed here that the
molecules are in good thermal commurication with the tank walls so they
equilibrate at tank wall temperatures.

The flow rate of molecular nitrogen into the thruster (ﬁo) is

given by
- _00A (5)

where AA is the open area of the accelerator grid and Vo? the mean

molecular velocity, is given by

v &\ ——9%— . (6)

The quantity m is the nitrogen molecular mass.

As a result of electron bombardment of the discharge chamber,
nitrogen molecules (Nz). atoms (N), ions (N+) and molecular ions (N;)
will be produced and will reach equilibrium densities Nos M Ny and
Ny, respectively. The equivalent loss rate of nitrogen molecules (n)
from the discharge chamber as a result of migration of each of these

species through the grids will then be
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n=-22A (1A +s
4 2 2

+iA (7)

The symbols j1, J'+ and j2+ represent respectively the particle
current densities of nitrogen atoms, atomic ions and molecular ions
through the grids. The quantity AS is the screen grid open area and

v, is the mean thermal velocity of nitrogen molecules and is given by

/8 k_T; )
vV, = . 8
2 T m

0

In this equation Tw is the thruster wall temperature (°K).

Some of the nitrogen species going to the discharge chamber walls
interact with the wall material and are retained in the discharge chamber
after sputtering has occurred. The extent to which each c¢f the species
would be retained is not known, but becdause some could be retained, the
equivalent molecular nitrogen loss rate from the chamber (n) will be
less than the rate of inflow. The fraction f describes this ratio of

outflow to inflow through the equation

f = ﬁ/ﬁo . (9)

One would expect that while this fraction may be less than unity during
the initial phases of discharge chamber operation it would eventually
approach a steady-state value of unity.

Computation of the ionic and atomic specie densities is accompiished
by equating the priduction and loss rates for each of these species to
satisfy the steady-state continuity condition for each. The production
rates for atomic ions (&+) and atoms (bl) and molecular ijon (52+) are

given by
pl*

< 1+
Dy = By = mplng Py (e )+ 0y (T 0T ¥, (10)
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o 2+ 2+ '
Py, = n2[npr Py (Epr) tn, G (T )1¥, 1)

where gpr is the primary electron energy and ¥ is the primary electron

region volume. The quantities n o T _ represent respectively

pr’ mx? Ep mx

t~e primary electron density, Maxwellian electron density, primary
electron energy and Maxwellian electron temperature. Other quantities
appearing in these equations are the pioduction rate factors (electron

velocity-cross section products) for the production of atomic ions cr

atoms by primary electrons (P;+(Epr)) and Maxwellian electrons (Q;+{me))

and the production of molecular ions by primary and Maxwellian electrons
2+ 2+
(P5" () and Q3"

nitrogen as a function of energy and temperature and they are plotted

me)). These coefficients have been computed for

in Figures 32 through 35.

Because each of the species mentioned above ure lost only as a
resuit of migration to the surface of the primary electron region the
production rates of Equations (10) and (11) can be equated to the loss
rate at this boundary for each specie. This leads to the following set

of equations:

- _ ! 1+ , 1+ 1
17 7R n2["pr P2 (gpr) P G (T (12)
. ¥ 2+ 2+
o, " &A™ [npr Py (Epr) o & (me)] (13)

where A is the surface area ~f the primary electron region.
Equations (5), (6), (7), (8), (9), \12) and (13) may now be combined to
ohtain an expression for the molecular nitrogen density in the discharge

chamber. This equation is
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Equations (12) through (14) can now be solved to determine first the
density of molecular nitrogen in the cdischarge chamber and then the
current density of tae ionic and atomic species toward any discharge

chamber surface or in the ion beam.

Typical Resul ts

Using the following plasma and geometrical conditions typical of
the i5 cm dia. argon thruster being used for sputtering tests along
with appropriate constants one can obtain numerical values for these

current densities.

T, T 300%K

T : 500K

AS/AA = 1

m, = (28)(1.67 x W) = 4.68 x 1072 kg
VA = 0.01€2m

ko= 1.38 x 10723 7ok
Nop = 1x 10! 3

M = 1 X 10'6 o3

gpr = 40 eV

= i0e

£

From Figures 32 to 35 the following rate coefficients pertaining to the
primary and Maxwe . an electrons are obtained at the electron temperature

and energy conditions given above:

(14)
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P§+ =0.6 x 1013 m3/sec,
05" = 0.1 x 10713 ~¥sec,
Py = 0.6 x 107" n¥/sec,
Q)" = 1.4 x 107 m/sec.

C”i"gﬂuﬂl: PAGE g

Using these values as input to Equations (12) through (14) the current

densities in tne third and fourth columns given in Table IV are cal-

culated as a function of nitrogen partial pressure.

TABLE IV

Calculated Nitrogen Current

vensities in a Typical Thruster Plasma

l Molecular |Atomic i Molecular Atom Retention
Nitrogen | Nitrogen Specie ; Ion Current Rates on Molybdenum
'Partial Density Current - Density frem [ from |
I Pressure | Within Density ' j2 { Atomic Molecular

'Po (torr) Thrustgr j] =J, ! 5 ! Specie ' Ion

! (m=2) 2 i (A/m) Current ! Current

| l L}A/m ) ! \(atoms/m¢ sec) i (atoms/m¢ sec)
| — z

STt 2.4 x10'%0.0014 000 1 9x10'  7x10"

1078 2.4 x 10'% 10,014 | 0.1 9x10'®  7x10'

107 2.4 x 10" i0.14 0.13 3 x 107 7 x 107 |
Lo I ; :
107 2.4x 108 1s Co9x10'® 7 xi®
‘ -4 18 o s 19 19 |
!2 x 167 (4.9 x 1077 | 2.8 | 2.2 2 x 10 [ 1x10 J

To obtain atom, atomic ion or molecular ion arrival rates per unit area

one must divide the values of columns three and four by the charge of

an electron.

apiropriate to each specie, the atom retention rates g‘ven ir

Multiplying these values hy the sticking probabilities

CIumrS
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five and six of Table IV are obtained. A sticking probability of unity
was used for the atomic ions and atoms (column £). The sticking coef-
ficient of 0.5 measured for 40 eV nitrogen molecular ions striking
nn]ybdenum[]3] along with a factor of two, because two atems are released

when a molecule strikes wall, were used to obtain the results of column 6.

Conclusions

The presence of copper in multilayer moiybdenum erosion detectors
doesn't reduce the erosion rate by more than 3 to 4% from that rate that
would be expected for pure molybdenum and copper for argon beam energies
cf about 150 eV. A several fold reduction in the erosion rates of
thruster materials is observed as the nitrogen partial pressure is in-

6 to 3 x 10'4 torr.

creased from about 10~
Calculated chemisorption rates of nitrogen atoms on molybdenum
screen grids in typical bombardment ion thrusters are of order

2 x 107 w2 sec”!

sec’' at a nitrogen partial pressure of 19°¢ torr. About
half of these atoms are produced as atomic species in the discharge
plasma and t: other half are produced from molecuiar ions which acquire
sufficient energy in the plasma sheath to dissociate when they impact

the su+face.
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PLASMA PROPERTY CORRELATIONS

It is frequently desirable to know the plasma conditions existing
within a discharge chamber so calculations of such quantities as the
doubly-charged ion density can be made. Collection of these data is,
however, time consuming and one must have operational hardware available
in which to make the measurements. During the development of the
doubly-charged ion production model[ls] a substantial amount of plasma
property data were obtained in 15 cm dia and 30 ¢n dia discharge chambers.
These data were correlated with parameters formulated from operational
and design variables, so predictive calculations requiring placma data
could be made. Plasma property data have been collected more recently
in the 8 cm discharge chamber.[]7] These have been incorporated into
the new volume-averaged plasma property correlations for divergent field
thrusters which are shown in Figures 36 througi 39. No attempt has been
made in these correlations to establish a physical basis for the selection
of the correlating parameters. Instead, the exponents of the variables
comp.ising each correlating parameter were simply adjusted until the
correlation coefficient r for a least squares linear curve fiy for each
set of data was maximized. The variables that were used tc generate the

correlating parameter were:

discharge voltage - VD
discharge current - ID
beam current - IB

volume-to-surface

area ratio of the nrimary
electron region in the
discharge chamber - ¥/A

open area fraction of

the accelerator grid - ¢a
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Figure 36 shows for example the volume-averaged, Maxwellian elec-
tron temperature correlation with the parameter ID V§(¥/A)]/4 /IB. This
parameter gave a correlation coefficient of 0.91 ard it represented the
best correlation observed. Figures 37, 38 and 39 show similer correla-
tions for other volume-averaged plasma properties of interest, namely
total electron density, primary electron energy and primary electron
density respectively. The data used to obtain these correlations while
they were all obtained in divergent field thrusters were collected at 3
variety of operating conditions and with various accelerator grids.
There is always a possibility that some variable, unaccounted for in an
empirical correlation will be varied in a new design or at a new
operating condition. The attempt to vary rdesign and operating conditions
as much as possible in order to minimizs the chances for this has been

made however in the data of Figures 36 through 39.
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RADIAL FIELD THRUSTER

This discharge chamber desian cuncept, first proposed by Knauer,
Poeschel and ward,[la] has been investigated because it offers che
potential of operation under conditions where the lifetime 1imiting
screen grid erosion observed in other designs could be reduced. The
means whereby this should be possible can be understood by considering
Figure 40, a schematic of the thruster with an iron filinas magnetic
field map super-imposed.

In the operating mode proposed by Knauar, Poeschel and Ward, elec-
trons generated ai the cathode were accelerated into the main discharge
region through the series of small holes shown in the center pole piece.
These primary elactrons were generally confined to the primary electron
region shown in Figure 40 by the radial magnetic field linss-of-force.
As these electrons gyrate within the primary electron region, they under-
go collisions and are able to migrate upstreamltoward the anode under
the influence of the prevailing electric field. As a result of the

collisions, electrons having a Maxwellian distribution function and

jons are produced. Two sets of magnets shown in F-u 40 are

used to produce the desired magnetic field shape. adial magnets

are used to produce the general rield in both confi,.*lun . utensity
and the axial magnets are ::sed to tune it up by adjus 1 ial

location of the critical field lires near the outer riu.. of ihe dis-
charge chamber. Tne cathode has a G.32 c¢m dia orifice piate with a
0.76 mm dia. orifice in it. The center pole piece is 1.9 cm in outside
diameter and 1.5 cm inside diameter. The discharge chamber diameter
for the thruster used in these tests was about 14 cm. The unit was

operated with a high perveance dished gric¢ set having a 67% open area
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screen grid and a 54% open area accelerator grid.

The method for reducing screen gri. erosion with this discharage
chamber involves biasing the screen grid above cathoue potoatial. This
reduces screen grid erosion damage bec2use increasirg the potential of
the screen grid results in a reduction of the energy of the incoming
ions that are responsible for sputiering damage (this energy is prcpor-
tional to the difference between plasma potential and screen grid
putential). Because tne sputtering yield varies as the cube of the
energy at which these ions impact (in this energy range), small increases
in the screen ¢ d potential result in substantial reductions in the rate
of screen grid erosion. With this particular aischarge chamber ccafigura-
tion it was expectea that the screen grid could be biased substantially
abrve the cathode potential at wh.ch <ireen grids normally o, .rate with-
out degriding discharge chamber performance. This was anticipated
because the primary electron region does not intersect the radial thruster
screen grid . primary electrons shou]d,therefore,not have direct access

to it.

Experimental Resuits

This concept has been examined experimentally and the results ob-
tained with the configuration shown in Figure 40 have been reporied
previc:s]y.[1g] The data were obtained a2t a screen potential of + 1000 v
and an accelerator potential of - 500 v. The configu+ation of Flgure 49
did not nerform satisfacterily however because a suitable nole size for
“he apertures in the center pnle piece could notbe found. Theseholes were
either too small, inwhich case themain discharge could not be ignited once

the cathodo was operating, o they wer2too large and the proper impedanc?
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could not br maintained across them. The configuration shown in

Figure 41 was therefore adopted. With this center pole piece arrame-
ment maguetic field 1ines passed through the aperture from the center
pole piece to the center pole piece tip. This resuited in adequate
impedance in the aperture and a substantial improvement in performance.
The pertcrmance achieved with this configuraticn is shown in Figure 42
at a tou. ] flew 2.2 of 730 mA eq. as the dotted line. This performance
was cbse¢ ved with the screen grid at cathode potential. The three solid
symbols shown indicate perform._nce at a discharge voltage of 37 v. The
di< .narge power-propellant utilization curve for the divergent magnetic
field SERT IT thruster is shown as the solid line to facilitate comparison.
The SERT II discharge chamber is observed to exhibit substantially
better performance.

A number of discharge chamber modifications were attempted in an
effort to improve .he radial field thruster p-rformance. These included
adjusting the position of the anode, varying the width of the aperture
gap, changing the magnetic field intensity and shape through the use of
the radial and axial electromagnets and moving the cathode axially within
the center pole piece. The thruster was arranged so all of the altera-
tions could be accomplished while th. thruster was operating. The
greatest improvement in performance was brought about by moving the
cathode downstream to a Tocation very near the aperture. The preferred
anode position was slightly upstream of the aperture and the preferred
aperture gap was 0.35 cm. Tuning of these variables resultec in the
performance shown by the Towest curve in Figure 42. While the perfcrmance
observed with this configuration is much improved er that observed with

the cathode upstream and siightly better than that observed with SERT II,
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it was found that the maximum flow rate at which this discharge chamber
could operate was substantially reduced. As Figure 42 suggests this
limiting flow rate was about 550 mA. Flow rates beyond this resulted
in excessive impingement currents and high voltage cycling. With the
thruster in this configuration the effect of screen grid bias on
thruster performance was examined. It was observed that this grid
could be biased over the range from cathode potential to floating
potential without causing any noticeable change in the lowest curve
shown in Figure 42. Typically the floating potential was about 10 volts
and attempts to bias the screen grid to potentials above the floating
potential resulted in a rapid degradation in performance.

In order to extend the flow rate range over which the discharge
chamber could be operated,the center pole piece diameter was increased.
The justification for this was that the discharge chamber operated
stably at a higher flow rate when the cathode was upstream and it was
postulated that this occurred because the cathode discharge region
volume was greater. It was argued that increasing the center pole piece
diameter would again increase this volume and hence the maximum flow rate.

The solid 1ine on Figure 43 shows the performance curve obtained
with the radial field thruster when the pole piece outside diameter was
increased to 2.5 cm from the 1.9 cm diameter used in obtaining the data
of Figure 42. The iarger poie piece diameter did facilitate operaticn
at a higher flow rate, but it resulted in poorer thruster performance.
In order to regain some of this performance loss, the upstream anode area

2 used to obtain the previous data (all of

Figure 42 and the solid line date of Figure 43) to 120 cmz. This re-

was increased from the 70 cm

sulted in a thruster performance improvement to the Tevel shown by the
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dotted line of Figure 43 without the loss of capacity to perform at the
higher flow rates. Next the pole piece diameter was reduced to 1.9 cmz
and the center pole piece tip was replaced by a flat baffle. This re-
sulted in a further improvement in performance again without any loss
in capacity to perform at the higher flow rate level. One additional
test was :un using a 2.5 cm dia. pole piece, 120 cm2 anode and a flat
baffle. The performance achieved with this configuration was similar
to that represented by the lowest curve on Figure 43 at a 700 mA flow
rate. Operation at ficw rates above 700 mA were possible with this con-
figuration although some degradation in performance was observed when
the flow rate was increased to 830 mA. It is noted that increasing the
anode area in divergent field thrusters has not been observed to improve

[20]

their performance while it does appear to have drne so for the radial
field thruster data of Figure 43. Eliminating volumes such as that of the
center pole piece tip, which tends to displace ionizing electrons and
provide a surface for recombination, in favor of a simpie flat baffle has
previously been observed to improve performance.[]g]

In testing each of the configurations represented on Figure 43 the
screen grid was operated at both cathode potentiai and floating potential
(~10 v). Changing between these potentials resulted in negligible shifts
in the performance curves. These results suggest that the radial field
thruster can be operated with the screen grid at floating potential with
no adverse effect on performance.

One aspect of radial fieid thruster operation which was disappointing
pertains to the flatness of the ion beam profile from this thruster. It

was anticipated that these profiles would be considerably flatter than

profiies measured on divergent field configurations. Figure 44 shows

o e B A e A A
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some typical ion beam p~ofiles measured on the radial field thruster

using a Faraday probe located 2.5 cm downstream of the accel grid at

its centerline. The parameter F describes the beam profile flatness

and is defined as the ratio of average to peak beam current densities.

For the SERT II thruster this parameter had a value near 0.49.[21] The
design changes introduced into the radial field thruster to improveits per-
formance (anode area and location, cathode location, center pole piece diameter
and baffle aperture width) were observed to have no significant effect

of the ion beam profile. One parameter which did seem to have an effect

on ion beam profile was the radial magnet field current (Im ). As it

ag
was increased from 7 A to 11 A it caused the profile to flatten slightly
as suggested by comparing the dotted and solid curves on Figure 44. It
is interesting to note that increasing the magnet current from 7 A to

11 A also resulted in an increase in the flcating potential of the screen
grid from near 10 volts to near 17 volts. It appears therefore that in-
creasing the magnetic field intensity is beneficial for two reasons;
namely because it flattens the beam profile and it increases the floating
potential of the screen grid thereby making it possible to reduce the
energy of ions sputtering its surface.

Physically one would expect the ion beam to flatten and the floating
potential of the screen grid to increase as magnetic field intensity was
increased. These effects are presumably a result of the more effective
confinement of electrons to the primary electron region (Figure 40)
brought about by the increased magnetic fields. These effects of the
magnetic field have not yet been studied systematically, but such a
study is planned over a larger range of magnetic fields than have been

investigated here.
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The data represented by the solid and doited lines of Figure 44
were obtained with the screen grid at cathode potential, but allowing
the screen grid to float resulted in no measurable change in these
data. Biasing the screen grid to near-anode potertial did, however,
result in additional flattening of this profile. With the screen grid
at 32 v (ancde voltage 37 v), the ion beam profile represented by the
dashed Tine was measured. The reason for the flattening of the
beam profile here can be understood by considering the discharge chamber
schematic shown in Figure 40. When the screen grid is biased near anode
potential, electrons located downstream of the primary electron region
can be collected. These electrcns, while they may not be true primary
electrons, generally have sufficient energy to ionize some propellant
atoms. When these electrons are collected ion production near the
thruster centerline is reduced. This not only flattens the ion beam
profile, but also degrades the thruster performance because of the loss
of electrons w.ich have sufficiently high energies that they can ionize

atoms,

Conclusions

Performance comparable to that of the SERT II thruster can be
achieved in the radial field thruster. The screen grid of the radial
field thruster can be biased to floating potential with no adverse
effect on discharge chamber performance. This bias,which is of order
10 volts,should be sufficient to reduce the energy of doubly charged
propellant ions about 20 eV,and hence,reduce the sputtering damage
which they cause sirbstantially. For example,in the 30 cm dia thruster
reducing the potential difference through which ijons are accelerated into

the grids from 38 to 28 volts should result in about a fivefold increase
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i in grid lifetime and reducing this potential difference from 36 to 26

volts should result in about a tenfold increase in 1ifet1me.[22]
The ion beam profile of this thruster is nnt as flat as was expected.

Attempts to flatten it further will focus on changing the magnetic field

intensity in the discharge chamber.
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