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ION OPTICS STUDIES

Graeme Aston

Much of the ion optics work accomplished during this year has been
reported recently in Reference 1, which is attached in Appendix B. This
work describes the motion of the screen grid plasma sheath as a result
of grid system geometry and discharge chamber plasma condition changes.
The following topics were however not discussed in this paper. The
apparatus and procedure used to collect the data as well as the propellant |

(argon) were the same as those described in Reference 1.

Screen Grid Thickness Effects

It has been anticipated that, thinning down the screen grid has
beneficial effects on the ion beam current and discharge losses. Figure 1
provides physical insight into these effects by showing how the screen
hole plasma sheath moves as the screen grid thickness is varied while
normalized perveance per hole (NP/H) is held constant. The open, cross
hatched and doubly cross hatched rectangles in the upper right hand corner
of this figure represent a section of the screen grid webbing. In the
figure ds’ which represents the screen hole diameter, was 1.27 cm for all
tests and this distance can therefore be used to scale on the figure.
Further, tS represents the screen grid thickness, zg the screen-to-accel
grid separation distance and VD the discharge voltage. The set of equi-
potential contours appearing furthest upstream in Figure 1 are 5 volts
below the main discharge plasma potential, the next set is 15 volts below
plasma potential and the downstream set is 25 volts below plasma potential.

At the -25 volt contour probe measurements suggest that the electron



density is approaching zero. Over the central portion of the screen
hole, the Figure 1 results suggest that the plasma feels the presence of
the accelerator grid potential very strongly; screen grid thickness and
hence screen potential distribution changes have 1itt1é effect in this
region. Conversely, near the screen grid webbing the competing influences
of the screen and accelerator grid potentials are both felt and both in-
fluence the sheath shape and position. With a thick screen grid (tS/dS =
0.18 fn Fig. 1) the screen potential is defined well within the plasma
and the plasma likewise forms a rather long, well defined sheath adjacent
to this potential surface as shown by the solid sheath profile line. As
the screen grid thickness is reduced the plasma sheath attempts to move
after the screen grid since the screen grid is still é dominate potential
surface, though less well defined. However, with sufficient screen grid
thickness reduction the shielding effect the screen grid interposes be-
tween the discharge plasma and the accelerator grid webbing is reduced

to a negligible level. Under these conditions (estimated from other tests
not shown to be ts/dS ~ 0.05), the sheath boundary begins to communicate
most strongly with the accelerator grid webbing. Further screen grid
thickness reductions have little effect on forcing the sheath boundary

to follow after the screen grid. These results would therefore suggest
that this value of screen grid thickness ratio would be optimium from a
grid performance point of view.

Figure 1 shows that the competing influence of the screen and accelera-
tor potentials gives rise to a sheath potential distribution at the screen
grid webbing which tends to direct plasma ions away from the webbing and
through the screen hole with decreasing screen grid thickness. This effect

is illustrated graphically by electric field vectors intFig. 1.
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Figure 1, Effect of Screen Grid Thickness on Sheath



The arguments presented above indicate that the position of the
central portion of the screen hole p]asma.sheath would remain essentially
unaltered with changes in screen grid thickness. This behavior is verified
in Fig. 2 where screen hole sheath profiles are compared for a very thick
screen (tS/ds = 0.49) and a conventional, thinner screen grid (ts/dS = 0.18).
Figure 2 shows that the very thick screen grid has pushed those potential
lines adjacent to the grid webbing back into the discharge chamber while
having very little effect on the central portion of the sheath potential
contours. The result is that the screen hole plasma sheath is now inside
the screen hole (the sheath probe's shape prevented the probe from entering
very far into the screen hole and this is why only a portion of the -15.0
volt contour, for the very thick screen grid, is shown in Fig. 2; however,
the trend is clear). Examination of the sheath potential contours adjacent
to the very thick screen grid webbing indicates that even ions from within
the screen hole might eventually be directed into the webbing and the inside
surface of the screen hole. Indeed, the normalized perveance per hole
value indicated in Fig. 2, while only about 70% of the maximum value to
be expected for the conventional thin screen grid, corresponded to the
maximum obtainable normalized perveance per hole for the very thick screen
grid.

Figure 3 shows a plot of discharge loss, normalized to the value for
ts/dS = 0.49, against screen grid thickness. This curve illustrates
dramatically the adverse screen web focusing effects introduced with
increasing screen grid thickness.

The results shown in Figs. 1, 2, and 3 are strong evidence that ion
impingement on the screen grid webbing decreases significantly with screen

grid thickness reductions. This has obvious implications for decreased
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screen grid erosion as the screen grid thickness is reduced. Indeed, it
appears that an effort to thicken the screen grid to give longer erosion
1ife may accelerate the erosion effect. Of course there are definite, but
perhaps not insurmountable problems in fabricating screen grids of the
thicknesses suggested in Figs. 1 and 3. Also, without some sort of com-
parative erosion life test being undertaken the conclusionspresented here

are somewhat conjectural.

Screen Hole Shaping

Numerous wor‘kersz-5 have reported conflicting results as to the effect
shaping the screen grid hole has on beam current and ion beam divergence.

In order to clarify the beneficial or detrimental effects of screen grid
hole shaping the screen hole plasma sheath of some shaped screen holes were
examined experimentally. It was found that chamfering the upstream hole
face (with a 41° chamfer) had only a very slight effect on the screen hole
plasma sheath potential contours. Similarly, no change from the unchamfered
screen grid geometry was observed in the discharge loss level and maximum
obtainable beam current. This null result supports earlier evidence by
Kerslake and Pawh’k2 that screen grid hole chamfering has little merit.

Some workers4’5 have reported computer solutions and experimental
results which indicate that counter boring the downstream screen hole face
leads to significant screen hole sheath shape changes with lower divergence
angles and increased beam current. Such a modification was made to the
tapered screen grid discussed previously. Figure 4 compares screen hole
sheath profiles for this chamfered and counter bored screen grid to those
of a conventional cylindrical screen hole geometry. Only slight differences

in the sheath profiles are observed. At the sheath adjacent to the screen
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grid webbing the potential contours are amost coincident. Towards the
screen hole center more differénces are apparent and the sheath boundary
for the chamfered and counter bored screen hole is displaced upstream
slightly relative to the boundary of the cylindrical screen hole. This
trend agrees qualitatively with the previously mentioned computer solu-
tion prediction although it is much less pronounced than these solutions
predict. One would expect that by counter boring the screen hole in the
manner shown in Fig. 4 the average screen hole diameter has been enlarged
slightly. Such a hole enlargement must slightly decrease the positive
potential that the screen grid webbing can impress at the screen hole
center. Consequently, what shielding effect the screen grid could inter-
pose between the discharge plasma and negative accelerator grid will have
been reduced. As a result, the plasma electrons would see a stronger
retarding electric field as they approach the central portion of the screen
hole. This stronger retarding field prevents the p]asmavelectrons from
penetrating through the jon acceleration region to a depth possible with
the cylindrical hole geometry. The net effect is that the central portion
of the sheath boundary is moved upstream slightly, as shown in Fig. 4.
Perhaps the discrepancy between computer solutions and experimental
results is because all attempts to model the screen hole sheath theorecti-
cally have the sheath positioned within the screen hole for the beam current
or normalized perveance per hole of Fig. 4. With the sheath inside the
screen hole it is apparent that screen hole shape changes might have a
significant effect on the ensuing ion trajectory calculations. However,
as has been mentioned previously, the screen hole plasma sheath is within
the screen hole for large screen grid thickness values only. Normally
the screen grid thickness is kept to a minimum because of the improved

ion source plasma efficiency.
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Chamfering and counter boring the screen grid gave a slight decrease
in discharge loss (<3%) and a slight decrease in the maximum obtainable
beam current (<3%), compared to similar parameters observed with the
cylindrical hole geometry. No beam dfvergence data were obtained as a
function of screen hole geometry. Also, direct accelerator grid impinge-
ment currents could not be measured accurately because of the relatively
high facility background pressure (~2 X 1074 Torr). However, the slight
screen hole sheath shape and position changes apparent in Fig. 4 suggest
beam divergence and direct ion impingement variations would be small as
the screen hole shape was altered.

It is noteworthy that all of the experiments described herein were
conducted at a constant accel-to-screen hole diameter ratio of 0.64. The
effect of variation in this parameter has not been investigated but this

work suggests that the effects of such variations are probably significant.

Space Charge Neutralization

Langmuir6 has discussed the possibility of increasing the space
charge 1imited electron current between two electrodes by injecting ions
into the electron space charge and thereby partially neutralizing its
detrimental effect on electron emission. It was thought that‘perhaps the
opposite tack might be pursued whereby the ion space charge in the screen
hole plasma sheath could be partially neutralized by injecting low energy
electrons into this sheath.

Figure 5 illustrates the manner in which electrons were injected into
the screen hole plasma sheath. Briefly, a circular filament was placed

between the discharge chamber plasma and the accelerator grid. Although
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Fig. 5(a) shows the filament slightly downstream of the screen grid, it
was also positioned at varying distances inside the screen hole and inside
the screen hole plasma sheath. The filament was biased relative to the
anode supply (although the screen grid was also used as a reference) and
its bias potential could be varied. Direct current was provided to the
filament loop via the heavier nickel support wires; ensuring that only
the filament loop immersed in the ion beamlet was heated to incandescence.
Only the central hole of the large seven hole array was modified in this
manner; the surrounding holes were masked off at the screen grid.
Unfortunately all efforts to increase the beam current by neutralizing
the jon space charge using the electron injection method depicted in Fig. 5
failed. By correct filament biasing, substantial filament electron currents
could be drawn through the screen hole sheath. However, it appeared that.
even with the filament immersed in the screen hole plasma sheath and using
a bias barely sufficient to drive off electrons, the filament electrons were
going too fast to establish a sufficiently large negative charge density to
neutralize the ion space charge to any measurable extent. A simple analysis
assuming the filament electrons were at thermal energies only suggested that
their velocity would still exceed the local ion velocity by three orders of
magnitude. This effect was realized before undertaking the experiment.
In hindsight, the tremendous disparity in velocity between the filament
electrons and jons is still the basic problem. No judicious choice of
biasing potential or filament emission level seems capable of circumventing
this problem with the geometry shown in Fig. 5. Other schemes of space

charge neutralization are however still conceivable.



HOLLOW CATHODE STUDIES
Dan Siegfried

A paper7 presented at a recent electric propulsion specialist

conference and included in Appendix B of this report describes much of

the work accomplished on the subject topic over the past year. This

paper describes experimental work conducted on a quartz tube hollow
cathode which demonstrated the effects of cathode emission current level,
propellant flow rate, cathode orifice diameter and internal cathode pres-
sure on cathode insert temperature profiles and the distribution of emis-
sion current in the cathode. The downstream end of the insert is identified
as the dominant emission site. Internal cathode pressure is identified as
a very important parameter which influences the cathode temperature and
emission profiles. Data presented in this paper support the field-
enhanced thermionic  mechanism of electron emission. Additional research
conducted during the past year but not included in Ref. 7 are discussed in

the following paragraphs.

Effect of Magnetic Field on Hollow Cathode Operation

During the test program for the 8 cm thruster it was observed that
the keeper voltage of the main cathode for this thruster was slightly
higher than expected. The magnetic field configuration in the cathode/
baffle region of this thruster was known to be substantially different
than that of earlier thrusters and it was suggested that the interaction
of the magnetic field with the cathode discharge could be the cause of
this higher voltage. In order to investigate the effect of this magnetic

field/cathode interaction, a mercury hollow cathode was operated in a

13
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diode arrangement in the presence of a variety of magnetic field config-
urations and strengths. Langmuir probes were used to measure the plasma
properties of the cathode discharge both upstream and downstream of the

cathode orifice plate at each operating condition.

Apparatus and Pro;edure

The test configuratioh used to examine fhe effects of the magnetic
field in the vicinity of the cathode on cathode performance is shown in
Fig. 6. The cathode used in these tests vas a standard €.35 mm diameter
tantalum body cathode with a thoriated tungsten orifice plate having a
0.76 mm diameter orifice. The insert used in the cathode was fatricated
using rolled tantalum foil coated with chemical R-500.* The anode was a
cylinder made of perforated stainless steel and having its axis congruent
with the cathode axis. The enclosed keeper had an orifice diameter of
2.5 mm and was separated from the orifice plate by a 3 mm long quartz spacer.
Two coils (19 mm ID x 30 mm OD), each with 15 turns of #18 wire and each with
its axis congruent with the cathode axis, were used to produce the magnetic
field. The coils were mounted as shown in Fig. 6 so that they could be
moved along the cathode axis; and they were connected ﬁo separate power
supplies so the fields they produce could be controlied independently.
These coils were sized to produce magnetic fields in the range of 50-100
gauss when operated at currents of up to 10 A. Langmuir probes were mounted

both upstream and downstream of the orifice plate.

* J. R. Baker Chemical Co., Phillipsburg, New Jersey.
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1

In order to get a qualitative feel for the effects of the magnetic
field, the cathodé was operated over a wide range of conditions and mag-
netic field configuratioﬁs. The magnetic field was found to have very
significant effects on the operation of the cathode in this diode test

configuration. Turning on the so]enoidé during cathode operation signif-
icant]y‘increased the Tuminous intensity of the dischargé downstream of

the keeper and changed its paitern in a manner that depended on the mag-
netic field shape and location. Discharge current, mode of operation,
flow rate, and anode shape andllocation were‘ali found to be interrelated
with-the magnetic field strength and configuration in determinfng the
character of the cathode operation. This large number of variables,
particularly as it was complicated by the effect of anode configuration,'
made it difficult to characterize the effect of the magnetic field or to
define a specific experiment. The present interest in decreasing the
keeper voltage in the 8 cm (SIT) thruster suggested, however, that the
effect of the magnetic field on keeper voltage would be of greateét interest.
- The procedure for this experiment was therefore limited to the case where
the discharge current, keeper current, mass flow rate, and anode configura-
tion were held constant while the magnetic field shape, strength, and
location were changed. A discharge current of 3.0 A, a keeper current
of 0.3 A, and a flow rate of ~100 mA were chosen as the test conditions;
and the test was conducted using the cylindrical anode shown in Fig. 6.
The above operating conditions are typical for this size cathode when used
in the 15 cm SERT II thrustér‘where the field strength in the cathode region
is on the order of a few tens of gauss. These operating conditions and the
anode configuration that was used for these tests were not meant to model

a specific thruster configuration but were chosen as a reference condition
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typical of thruster conditions to allow a qualitative determination of
the effect of magnetic fields on cathode operation. Although a number of
solenoid coil spacings were investigated, the greatest effect was-seen
with the coils spaced as close as the test apparatus would allow. Al1l of
the data will therefore be presented for this minimum spacing between
coils of ~7.5 mm. The position of the coils will be identified using

the dimension X (Fig. 6) which is,under this constraint,the distance from

the keeper to the midpoint of the coils.

Results

The effect of magnetic field in the vicinity of the cathode on keeper
voltage is examined in Fig. 7. Two magnetic field configurations are con-
sidered; 1) the cusped field case where currents through the coils were
in opposite directions and 2) the axial field case where these currents
were in the same direction. The currents through each coil were held
constant at 10 A for all tests. Figure 7 shows that moving the cusp axially
resulted in two conditions of minimum keeper voltage (when the cusp was at
the keeper and when it was ~20 mm downstream 6f the keeper). For the axial
field case (same current po]arity) the only minimum occurs near the 20 mm
location.

In order to gain additional insight into the cause of these minima in
the keeper vo]tage, plasma properties were measured at points 8 mm upstream
and 15 mm downstream of the orifice plate under operating conditions cor-
responding to the minima in Fig. 7. The conditions for the case where
there was no magnetic field present were observed to be as shown in Fig. 8.
The conditions for the cathode operating with the null region of the cusped

magnetic field (midpoint of the coils) located at the keeper are shown for
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comparison in Fig. 9. The shape of the magnetic field lines and the
field intensity at a few points are also indicated on the iron filings
map below the figure. Both the iron filingsmapand the figure are shown
full scale. The conditions associated with the cathode operating at the
minimum keeper voltage for the axial magnetic field are shown in Fig. 10.

When the magnetic field cusp was located at the point associated with
the second minima of Fig. 7 (i.e., cusped field with the cusp ~20 mm down-
stream of keeper), it was found that switching off the solenoid furthest
downstream did not affect the keeper voltage. The plasma and magnetic
field conditions associated with this configuration are shown in Fig. 11.
The presence of the downstream solenoid had little effect on the magnetic
field shape or magnitude in the keeper region for this configuration
(Fig. 11) and this is probably the reason that switching it off had no
effect on the results. In fact, a comparison of the magnetic fields in
Fig. 10 and Fig. 11 shows that the field shape in the keeper region is
essentially the same in both cases with only the field strength differing.
This suggests that the cusped field shape is important only when the null
region is centered at the keeper.

As shown in the various cases of Figs. 8 through 11 the plasma prop-
erties at a point ~8 mm upstream of the cathode orifice were not changed
significantly by the magnetic field, so it has been concluded that these
fields have little effect on the internal cathode discharge. On the other
hand, the discharge downstream of the orifice was significantly affected by
the presence of magnetic fields. The most notable effect was an order of
magnitude increase in the plasma density when the magnetic field was applied.
This agrees with the visual observation that the luminous intensity of the

discharge in that region increased when the magnetic field was applied.
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Figure 12 shows the effect of magnetic field strength on keeper voltage
for the case of the cusped field centered at the keeper and for the case of
Tike-polarity solenoids located 19 mm downstream of the keeper. In both
cases the keeper voltage is seen to decrease linearly with increases in
magnetic field strength over the 0 to 10 A current range of the magnet
power supplies.

Note that the results shown in Fig. 12 indicate that the keeper voltage
was ~11.2 v when there was no magnetic field present compared to a keeper
voltage of 14.7 v shown in Fig. 8 for the same operating conditions with
no magnetic field present. The reason for this ~3.5 v difference in keeper
voltage was traced to the presence of an insulating coating on the keeper
when the data of Fig. 8 were collected. This will be discussed in more

detail later.

Discussion of Results

As shown in Fig. 7 the presence of a magnetic field in the range of
50-100 gauss can result in a keeper voltage reduction of 0.75 to 2.0 volts,
if the field is properly positioned with respect to the keeper electrode.
Figures 8 through 11 provide some insight into the mechanism causing this
reduction in keeper voltage. Since the presence of the magnetic field
seems to have negligible effect on the internal cathode discharge, it
probably acts to reduce keeper voltage mainly by providing better access
for electrons to the keepert This is most obvious in the case presented
in Fig. 9. In this case the electrons leaving the cathode orifice can
travel along many field lines which intersect the keeper. The electron
gyro radius for 2 eV Maxwellian electrons in a magnetic field of 50-100

gauss is 0.5 to 1.0 mm. The cathode electrons would, therefore, be expected
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to follow the field lines reasonably closely over the few millimeters
distance between the orifice and the keeper. In the cases represented by
Figs. 10 and 11, the reason for the lower keeper voltage is not as clear
since magnetic field lines intersecting the keeper do not generally pass
through the cathode orifice. However, a similar mechanism js probably
operating here as well. The presence of the magnetic field traps electrons
on the field lines, and therefore, increases their residence time in the
region along the cathode axis downstream of the keeper. This apparently’
increases the number of ionization reactions taking place in that region.
This is indicated by both the increased plasma density and the increased
plasma luminosity in that region. The field 1ines from this region of in-
creased ionization activity do intersect the keeper electrode and so elec-
trons producted in such reactions would have direct access to the keeper by
traveling upstream along magnetic field lines. This effect would also be
present in Fig. 9 to some degree.

As indicated in the results presented in Figs. 8 to 11, the application
of the magnetic field resulted in an increase in discharge voltage of ~3
volts. This is probably due to the fact that the field lines on the axis
of the cathode in all three éases (Fig. 9, 10, and 11) are parallel to the
anode surface. The electrons exiting the cathode orifice must, therefore,
diffuse across magnetic field lines to reach the anode, and as a result
their access to the anode is impeded when the magnetic field is present.

The cathode was also operated with anodes of various sizes, shapes,
surface areas and locations. As might be expected the discharge voltage
was found to be highly dependent on the anode configuration as well as
magnetic field strength and configuration in the region adjoining the anode.

The results of these other configurations were not of sufficient interest
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‘to present in detail, except to note that when the anode was constructed
such that field lines aided electron access to the anode the discharge
voltage was decreased. Conversely when, as above, the magnetic field
Tines impeded access to the anode the discharge voltage was increased.
The keeper voltage on the other hand was found to be rather insensitive
to anode configuration.

The data for Fig. 7 and Fig. 12 were not collected during the same
operating period as those for Figs. 8 to 11. As noted earlier, the keeper
voltage when no magnetic field was present differed by ~3.5 volts between
these two experiments. An investigation into the reason for this difference
led to the conclusion that the probable cause of the 3.5 volt difference
in keeper voltage in the absence of a magnetic field was an insulating
coating on the upstream surface and orifice of the keeper electrode during
collection of the data presented in Figs. 8 through 11. This coating, while -
it influenced the voltage observed when no magnetic field was present did
not appear to have a substantial affect on the level of the keeper voltage
when the magnetic field was present. For example, Figure 7 shows that the
minimum keeper voltage in the presence of the cusped magnetic field was
~10.5 v which is similar to that indicated in Fig. 9 and Fig. 11 where the
insulating coating was present on the upstream face of the keeper. This
suggests that much of the keeper current is conducted to the upstream side
of the keeper when no magnetic field is present. When the field is applied,
however, the current appears to flow to the downstream side of the keeper.
That this is occurring is supported by two test results. First, when the
field is applied, the plasma density adjacent to the downstream side of
the keeper increases by an order of magnitude and electrons from this region

have access to the downstream side of the keeper by traveling along magnetic
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field lines as previously discussed. Second, the application of a thin
insulating ceramic coating to the upstream face of the keeper was found to
cause an increase in the keeper voltage for the no magnetic field case and
no change in the keeper voltage for the case where the magnetic field was
present. This also suggests that high keeper voltages may in some cases
be caused by ‘sputtering of material onto the upstream face of the keeper.
This occurrence would probably be more Tikely in enclosed keeper config-

urations.

Conclusions

When magnetic fields on the order of 100 gauss are present in the
keeper region of the hollow cathode, the keeper voltage can be reduced by
up to 2.0 volts if the field is properly oriented with respect to the
keeper. This keeper voltage reduction is apparently due to the combined
effect of increased plasma density and of providing_direct access of elec-
trons to the keeper along magnetic field 1ines. The reduction in keeper
voltage is proportional to the strength of the magnetic field. Plasma
properties within the hollow cathode do not appear to be affected by the .
presence of the magnetic field. However, the plasma density downstream of
the keeper increases by about an order of magnitude when the magnetic fields
are turned on. Based on results obtained with and without an insulating
coating on the upstream side of the keeper it is concluded that much of
the keeper current is collected at the upstream side of the keeper when
no magnetic field is present. The presence'of the magnetic field config-
urations used in these tests appeared to cause the keeper current to flow
to the downstream side of the keeper. These results also suggest high
keeper voltages may be due to insulating materials sputter coated on the

upstream face of the keeper.



ION BEAM PLASMA INVESTIGATION

Introduction

The recent return of the SERT II spacecraft to continuous sunlight
conditions has led to increased testing activity on its two mercury,
electron bombardment ion thrusters. Kerslake and Domitz8 have reported
that not only has Thruster #2 been operated normally, but Thruster #1,
which has a grid short, has been operated without high voltage and in
this condition has served as a neutralizer for Thruster #2. They report
that neutralization using the #1 thruster results in a lTower coupling
voltage than that observed when the Thruster #2 neutralizer is being used.
This exceptional performance of the Thruster #1 discharge plasma as a
neutralizer is surprising when it is first considered for two reasons.
First, the thruster is about 1 meter away from the jon beam to be neut-
ralized and second the potential difference between the discharge plasma
and the beam plasma is such that electrons should be retarded and even
prevented from leaving the discharge to reach the beam plasma and effect
neutralization. In order to determine the character of the plasma emanating
from Thruster #1 with its grids shorted and at spacecraft potential and to
determine the mechanism of neutralizing electron flow from the thruster
the experiments described next were performed. A further experiment
wherein the grids were biased to extract electrons was conducted to investi-
gate the usefulness of a discharge plasma such as this as a super-neutralizer

as suggested by Kerslake and Domitz.8

Apparatus and Procedure

The beam plasma tests were conducted in a 1.2 m by 5 m vacuum test

facility using a SERT II thruster9 as the source of discharge plasma. The
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actual test setup is shown in Figure 13. As suggested by this figure
the downstream plasma could communicate with the 1.2 m diameter liquid
nitrogen cooled cylindrical liner and a radiation cooled target located
3 m downstream of the source. The liner was held at ground potential
during the tests, but the target potential could be maintained at various
values to simulate the range of beam potential variations observed during
the space tests. |

The ion source used for the tests (a standard SERT II unitg) was
modified to allow independent control and measurement of the main and
cathode flow rates. The only additional modification made to it concerned
the neutralizer which had been moved from its initial location near the
accel grid to a point 5 cm downstream of this grid and 5 cm outside of the
edge of the beam. The axis of the neutralizer cathode/keeper assembly was
also oriented parallel to the thruster axis rather than inclined relative
to it as in the original design. For the test results reported here the
cathode and main flow rates totalled about 180 mA eq. with some adjustment
in the relative distribution being used to achieve the discharge voltage
condition desired. The grids were kept shorted to ground except during
one test when they were biased to facilitate electron extraction from the
source. When the neutralizer was operated the mercury flow rate to it+was
about 30 mA and the neutralizer keeper current was maintained at 0.2 A.
The facility pressure was maintained near 8 x 10'6 torr during the testing.

Plasma properties downstream of the source were measured using a
movable Langmuir which could be swept from the beam centerline either
through the neutralizer axis or opposite it out to a radius of 30 cm
(measured from the thruster axis). This probe could also be moved axially

from a plane within 5 cm of the accelerator grid to one about 30 cm downstream
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of it. The probe was fabricated using a spherical platinum sensor 2.2 mm
in diameter supported from the end of a quartz tube. Analysis of current/
voltage traces obtained from the probe was accomplished using a thick
sheath approach. This analysis assumes exponential current variation
with voltage in the retarding region of the probe trace and Tinear variation
in the accelerating region. The procedure is described in detail in
Appendix A. Plasma conditions within the discharge chamber were also
measured on occasion using a conventional cylindrical Langmuir probe. The
resultant traces were analyzed using a thin sheath probe analysis procedure].O
In order to assure that currents flowing to and from the thruster,
neutralizer, tank, and target were reasonable these currents were measured
where possible. Figure 14 is a schematic of the test configuration showing
the various currents involved. The arrows on the figure show the direction
of net positive current flow -- a net electron current would correspond to
electron flow in the opposite direction. All of the currents shown in the
figure were measured directly in the tests except the tank current (Itank)
which was determined by requiring zero net current flow to the beam plasma.
The conduct of tests concerning the beam plasma was accomplished by
establishing discharge chamber and neutralizer operating conditions and
allowing the system to stabilize for a few hours before collecting data.
Langmuir probe data were collected using an x-y plotter to record probe
current/voltage traces typically at four radial locations within the
thruster (5 mm upstream of the screen grid) and at six or more radial lo-
cations at each of three axial locations downstream of the accelerator |
grid. Target bias could then be changed and data collection would be re-
peated. If discharge or neutralizer operating conditions were altered

they were allowed to stabilize before the collection of additional data.
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Results
Downstream Plasma Properties

The thruster was operated at discharge conditions close to those at
which Thruster #1 (with the short between its grids) is operating in space
and the beam plasma was probed. Figure 15 shows these plasma properties
measured along the extension of the thruster centerline as a function of
axial position downstream of the grids at a discharge current (ID) and
voltage (VD) of 2.0 A and 38.4 V respectively and a main keeper voltage
' (VK) of 10.6 V. The parameter in the figures is the target bias voltage
above tank ground and values of 40 V, 20 V, and -0.1 V (floating) were
established during the tests. Probe measurements within the discharge
chamber showed the plasma potential was ~37 V as suggested in the upper
graph. The mean discharge chamber plasma had a Maxwellian electron tempera-

ture and density of about 6 eV and 1.5 x 10]] cm'3 and a primary electron

energy and density of about 23 eV and 1 x 10]0 cm'3.

The data of Figure 15
were obtained with the neutralizer off, but results obtained later with it
on suggested that its operation did not alter these results significantly.
Several observations can be made regarding Figure 15. First, the
downstream thruster potential tends to lie about 10 V above the target
potential and the temperature and density profiles do not appear to be |
affected significantly by target bias. Second, the axial variations in
plasma potential and electron temperature are probably not significant to
within the accuracy of the measurements. The electron density does however
decrease rapidly with axial position probably because of expansion of the
plasma as suggested by Kers]ake.8 During the course of the collection of

the data shown in Figure 15, the current collected by the target was

measured. No net electron current was drawn when the target was floating
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of course, but a current of 32 mA was drawn at a target bias potential of
20 V and 54 mA was drawn when the target was biased to 40 V. An ion
current -- determined by the Bohm condition at the screen grid -- of the
order of a few tens of milliamperes should be drawn out of the thruster
so the actual electron current to the target could be higher than the net
electron current by this amount.

The radial variation in the plasma properties of the thruster efflux
with a floating target is illustrated by the data of Figure 16. These data
were measured 20 cm downstream of the thruster with the neutralizer operating
at a potential 7 V below ground potential and skewing of the data is con-
sidered to be a result of neutralizer operation. Comparison of Figure 16
data with those of Figure 15 suggests that the plasma potential and electron
temperature data are in agreement but electron densities of Figure 16 are
somewhat lower than those of Figure 15. The reason for this is not apparent,
but the data for these two plots were obtained at different times and the
discharge voltage was about 2 volts lower when the data of Figure 16 were
obtained than it had been when the Figure 15 data were collected. This
discharge voltage did seem to influence the thruster efflux and it is be-
lieved that the variation in the discharge voltage caused the observed dif-
ference. The data of Figure 16 suggest that the plasma efflux from a source
operated with its grids at ground potential tends to spread quite rapidly.
This is suggested by the fact that the centerline plasma density decays
rapidly (Figure 15) and that the beam diameter has increased from about
15 cm at the grids to 40 to 50 cm in the data of Figure 16, taken ~20 cm
further downstream. Comparing the radial spread of these data 20 cm down-
stream of the grids data with those of Thruster #2 operating in space

(with high voltage apph’ed)8 it appears that beam plasma is more highly
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columnated when the high voltage is on.

Effects of Neutralizer Operation

It was considered desirable to account for the various currents going
to and from the neutralizer and the thruster operating without high voltage
to assure that all of these currents were reasonable and to facilitate an
examination of the effects of neutralizer bias potential (coupling volt-
age) on these currents. This latter effect was considered important be-
cause the coupling voltage had been varied in space tests.

Figures 17 and 18 show the effect of variations in neutralizer bias
on the currents defined in Figure 14. They suggest that a negative neutra-
Tizer bias results in increased neutralizer emission and that most of this
emission goes to the vacuum tank. This would presumably correspond to in-
creased emission to the space plasma in space tests. Net electron emission
from the thruster is not affected greatly by this negative bias. Positive
neutralizer bias results in an increased emission from the thruster which
is collected by the neutralizer. The parameter on the curves is the target
bias which was varied from floating potential (near ground) to 20 V and
35 V. These variations in target potential do not seem to alter the quali-
tative description given above. Figure 19 shows the variation in neutralizer
keeper potential measured with respect to ground as coupling voltage is
varied. It is interesting to note that the neutralizer keeper becomes the
most positive surface in the test facility at -18 V, -12 V and -6 V coupling
voltages for the floating, 20 V and 35 V target potentials respectively.
Significant electron currents are not drawn from the thruster to the neutra-
lizer, however, until the coupling voltage reaches about 5 V. Review of

Figures 17 to 19 has suggested the following observations:
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Neutralizer emission is not affected significantly by target
bias,
The target seems to collect most of the thruster emission (even
when the neutralizer keeper is as much as 50 V positive of the
target), and

When the neutralizer is biased negative most of its emission
goes to the vacuum tank ground.

Operation of An Ion Source as a Neutralizer

Initially one might conclude after considering the adverse potential
difference from the discharge plasma to the beam plasma of a source
operating with its grids at ground potential that electrons would not
escape through the grids. This would make the device useless as a neutra-
lizer, but space tests have revealed that such a source works well in this
apph‘cation.8 The question of how electrons can escape from a discharge
plasma at 40 V into a beam plasma at about ~20 V as observed in space
begs for an answer. In order to answer this question a series of tests
were run in which thruster discharge voltage was changed by adjusting the
discharge current or propellant flow rates. The data of Figure 20 were
obtained, for example, by varying the discharge current at a constant flow
rate condition. They suggest that an increase in the discharge-keeper
voltage difference results in an increase in the electron current from
the thruster and that this voltage difference must rise above a threshold
near 26 volts before net electron loss occurs. Since this discharge-keeper

N it was

voltage difference determines the primary electron energy
postulated that net electron current was given off by the thruster when
the primary electron energy was sufficient to overcome the potential dif-
ference between the discharge chamber and beam plasmas. Figure 21 shows

the plasma conditions for one typical operating condition where the net
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electron emission current from the thruéter (ITH) is 164 mA. If the
proposed model were to be valid the primary electron energy (gp =

21.3 eV) would have to be greater than the discharge chamber-beam po-
tential difference (¢d -0 T 19.7 V) for this case where emission is
occurring. One can see that in this case the condition is indeed satis-
fied. It is also noteworthy that the electron density in the beam

(nb =7.5x 109 cm'3) is of the same magnitude as the discharge chamber

9 3) while the Maxwellian electron

primary electron density (np =16 x 10° cm”
density is much greater (nm = 120 x 10° cm'3). Since electron drift
velocities in the two regions should be of the same order, this too suggests
it is primary electrons that find their way into the beam plasma while dis-
charge chamber Maxwellian electrons having a temperature of several eV tend
to remain in the chamber. It is important to note at this point that the
uncertainty in primary electron energy and plasma potential measurements

is greater than the escaping electron energy (ap - [¢d - ¢b]) being com-
puted here. One can therefore do no better than to show that this energy

js near zero at low electron emission levels and substantially higher at
high emission levels. Table I contains plasma property data for a number

of operating conditions including the one corresponding to Figure 21. In
the first five cases given the emission is relatively low (near the thres-

hold) and the escaping electron energy (g _ - [¢d - ¢b]) is small. 1In the

P
Tast two cases the thruster was biased negative. This caused a large
electron emission current and a correspondingly high escaping electron
energy. In this case it is likely that substantial numbers of Maxwellian

electrons can also overcome the potential difference and contribute to

the net electron current.
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I

Electron Max. Elec. Plasma Escaping
Thruster | Emission |Probing | Temp Density Energy Density | Potential} Electron
Bias Cur. fromjLocation}{ T n £ n ¢ Energy
Voltage Thruster (ev) (cm™3) P P, (V) (eV?
(V) I (eV) (cm=3)
TH
(A)
Beam 2.4 1.6x1010 -- -~ 14.9
0 0.164 | chmbr | 6.2 | 1.2x1011 | 21.3 7.5x10° .6 | 16
0 0 Beam 2.2 5.0x10° -- -- 12.3 -0.5
Chmbr 5.2 1.4x1011 20.8 6.6x10° 33.6 '
, Beam 1.5 1.0x1010 -- -- 9.4
0 0.006 | chmor [ 6.9 | 1.ax1011 | 27.1 1.7x1010 | 3706 | Pl
| " | Beam |1.8 | 1.4x1010 - - 9.4
0 0.84 | chmbr [6.9 | 1.2x1011 | 28.0 2.6x1010 | 36.3 | *1
0 0 Beam |2.9 | 8.7x109 -- -- 4.4 | e
Chmbr 5.4 1.5x10%1 20.3 3.6x109 33.7 :
Beam 2.2 8.8x10° -- -- 11.3
~20 1.8 dcpmbe [7.0 |1.5x1011 | 27.6 3.1x109 19.4 | *19:5
Beam 6.2 6.0x10° - -~ 17.4
-20 1.8 | chmbr |6.6 |1.5x1011 | 27.2 5.0x109 19,0 | *256
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The effect of negative thruster bias (including both grids) on the
electron emission current is considered further in Figure 22. Relatively
small thruster bias voltages are seen to enable one to draw electron cur-
rents of the order of a few amperes. Discharge conditions were observed
to change suddenly when the bias voltage was in the -20 to -25 V range
between two distinct modes of operation as this figure suggests. The
high currents achieved here suggest that super-neutralizer operation as
proposed by Kerslake and Domitz would probably be most effective if the

grids were biased in this way.

Conclusions

When the discharge chamber of an ion thruster is operated with its
grids at ground potential both ions and electrons escape from it. The
electrons escaping seem to be mostly primary electrons which are the elec-
trons having a Sufficient]y high kinetic energy to overcome the adverse
potential difference between the discharge and beam plasmas. If the
thruster is biased negatively so both primary and Maxwellian electrons
can overcome the potential hill between the discharge and beam plasmas
the electron current drawn from the thruster increases substantiai]y.

Tests conducted with the thruster at ground potential suggest that
when the neutralizer is on, it can draw some electron current from the
thruster, provided it is maintained at a potential significantly above
thruster potential. The electron current drawn to the target from the
discharge chamber does not seem to be altered significantly because of
changes in neutralizer potential, and the neutralizer emission doesn't
seem to contribute to the net electron current drawn by the target at any

neutralizer potential.
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BAFFLE APERTURE DESIGN STUDY

John Brophy

Introduction

The use of a hollow cathode in place of an oxide cathode to increase
thruster operating lifetime requires, among other things, the addition of
a baffle to restrict the flow of electrons from the hollow cathode. This

12,13,14 __ 4+he cathode

separates the plasma into two distinct regions,
region and the main discharge region. The cathode region is defined as

the one containing the plasma that is outside of the hollow cathode but
inside the cathode pole piece/baffle assembly. Proper thruster operation
depends on the creation of primary electrons with sufficient energy to

jonize the neutral propellant atoms, yet not so great that they produce a
large number of doubly charged ions. For example, a hollow cathode, mercury
ion thruster would typically operate with primary electrons having an energy
in the 20 to 30 eV range. The creation of these primary electrons is accomp-
lished by accelerating the electrons from the cathode region plasma into the
main discharge region through a potential difference occurring in the prox-
imity of the baffle apelr"cur‘e.]4 Since the primary electrons constitute an
important aspect of electron bombardment thruster operation it is desirable
to understand the processes on going in the baffle aperture region. In the
past the design and optimization of the cathode pole piece/baffie assembly
has been accomplished by physically performing a number of parametric

var‘iations.]2’]3’]5’]6

This procedure is both time consuming and expensive,
therefore it is desirable to minimize the number of variations required.
The objective of this study has been to develop a theoretical model re-

lating the baffle aperture area to the magnetic field strength and plasma
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properties in this region, with the result that this model could be used

as an aid in thruster design. Extensive Langmuir probing was undertaken

to test the validity of the model. Much of the work accomplished under this
task has been reported in Reference (11) which is included in Appendix B.
What follows is an extension of that work reflecting somewhat different

assumptions in the model.

Apparatus and Procedure

A1l experiments pertaining to this study were carried out on a 14 cm
dia. radial field thruster. The thruster was equipped with the pole piece
assembly shown schematically in Figure 23. For these tests the cathode
pole piece outer diameter was held constant at 3.18 cm and the wall and
baffle plate thicknesses were both 0.32 cm. The magnetic baffle assembly
of Figure 23 provided separate control over the magnetic field strength in
the aperture through the use of a 12 turn magnetic baffle solenoid. The
magnetic coupling rods shown were made of soft iron and were of sufficient
cross section to assure that thé magnetic flux through the rods was well
below the saturatfon point at the maximum solenoid current. Control of
the magnetic field strength in the main discharge region was accomplished
through the use of 8 radially oriented electromagnets. Since the cathode
pole piece was part of the main thruster's magnetic circuit, increasing
the current through the radial magnets increased the magnetic field strength
in the aperture region as well as the main discharge region. However,
changing the fiéld strength in the aPerature by using the baffle solenoid
did not significantly change the majnetic field in the main discharge region.
Magnetic flux densities in the center of the aperture ranging from 9 Xx 10-4
to 120 x 10'4 tesla could be established using either the baffle or the

radial magnets.
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The pole piece/baffle geometry of Fig. 23 was chosen for this study
because it tends to concentrate the magnetic field lines in the aperture
region. A plot of the magnetic flux density as a function of the radial
position measured from the thruster centerline through the aperture is
given in Fig. 24 for various values of radial electromagnet current (IR)
and baffle electromagnet current (IBAF)' These magnetic field profiles
were taken through the midpoint of the gap and they do show that the mag-
netic field is quite peaked in the aperture region.

Two cylindrical Langmuir probes were used to measure the plasma
properties on each side of the aperture. The cathode region probe was a
0.076 cm diameter tantalum wire 0.076 cm long supported from a quartz tube
jnsulator. It was positioned at a radial distance approximately equal to
the keeper radius at the axial midpoint of the aperture gap. Because the
plasma properties in the cathode region are fairly uniform the positioning
of the cathode probe was not critical, but it was placed fair]y near the
centerline to assure that it was not 'in the region of plasma heating. The
main discharge region probe was a 0.076 cm diameter tantalum wire 0.123 cm
long again supported from a quartz tube insulator. The positioning of both
probes can be seen in Figure 23, The main discharge region probe could
also be swept radially through the aperture and several measurements of
plasma properties as a function of the radial distance through the aperture
were made. The probe traces were analyzed using a computer program developed
by Beat'cie.]O

Extensive plasma property measurements were made using the cathode
region and main discharge region probes over a wide range of operating con-
ditions. Three different baffle aperture areas were probed. A summary of

the values of the important variables for each test is listed in Table II.
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Table 11

Test Conditions .

Test Aperture Gap Main Cathode Arc Range of Peak Mag.
No. Area Spacing Flow Flow Cur. Flux Density in Gap
[m2] wlcm] Rate Rate [A] [10-% tesla]
[mAeq]  [mAeq]

1 5.71x107* 0.64 650 165 4.50 9-111

2 6.85x10"" 0.76 500 100 3.50 15-107

3 9.14x10°"% 1.02 500 100 3.50 13-88

4 9.14x10-*% 1.02 400 80 3.50 13-100

The screen and accelerator grid voltages were held at +1000 V and

-500 V respectively for all tests.

was set by adjusting the gap spacing.

Before each test the aperture area

During the data collection the arc

current, cathode flow rate and main flow rate were maintained approximately

constant while the magnetic field strength in the aperture was varied by

changing the currents through the radial and baffle electromagnets, this

in turn caused the discharge voltage to change.

At each field strength

setting two Langmuir probe traces were taken, one with the cathode region

probe and the other with the main discharge region probe.

The parameters

describing the operating condition (arc current, arc voltage, beam current

and keeper voltage) were also recorded.

Theory and Analysis

In a properly designed thruster two fields exist in the aperture

region which influence the electron diffusion process there. Oriented

across the aperture is a magnetic field and normal to it through the

aperture is a steady electric field.

The following paragraph gives a

qualitative model proposed for the process of electron diffusion through

the aperture.
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The electrons which eventually form the discharge current are initially
thermal electrons in the cathode regions with a relatively low temperature
(~2 eV). They diffuse across the magnetic field Tines under the influence
of a potential gradient, a density gradient and a temperature gradient.

The electrons are accelerated by the electric field, and they diffuse across
the magnetic field lines by having collisions that change the position of
their guiding centers.]7 The electrons lose 1ittle energy in these collisions
since they are primarily elastic collisions where the fractional energy lost
is of the order of the ratio of the electron mass to the mass of a neutral
partic]e.]8 It might also be that some type of plasma turbulence facilitates
this electron transport. The electrons continue to diffuse across magnetic
field lines and gain energy from the electric field until they reach an
energy at which inelastic collisions also become important. At this point
several things can happen. Some of the electrons might undergo additional
elastic collisions and escape from the aperture carrying with them the full
amount of the energy gained from the electric field, i.e., these electrons
leave as the so called primary electrons. Other electrons might undergo
inelastic collisions and lose a significant portion of the energy just gained
and leave the aperture region as thermal electrons.* Tﬁis dumping of energy
through inelastic collisions in the aperture region could explain qualita-
tively why the plasma glows noticeably brighter‘in the baffle aperture

region than it does in the rest of the discharge chamber. Thus it appears
possible that the discharge current through the aperture consists of both

primary and Maxwellian electrons.

* Still other electrons might escape with their energy intact through the
interaction of some type of plasma turbulence so they may also become
primaries.
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To derive a relationship between the baffle aperture area and the

magnetic field and plasma properties in this region one can best start

with the momentum equation]9
-> > > > -> >
m g%-= - 2§-+ e(E+v xB) - Ve V. (1)

In this equation m and e are the electron mass and charge respectively,

n 1is the electron number density, P is the electron pressure, E and

B are the electric and magnetic field vectors respectively, Ve is the
average electron collision frequency and V is the average electron drift
velocity. For the case where the average drift velocity is small compared
to the electron thermal velocity and for steady state conditions Egn. (1)
can be written

nevww - W+ 3 xB - - 3 =o0. (2)

-5
Where the electron current 3 nev and piasma potential gradient W = -E,
have been defined and incorporated into Eqn (2). Now if a coordinate
system that has its axes everywhere parallel or perpendicular to the

magnetic field is defined, Eqn (2) can be written in component form as,

mv,
Normal to B: env,V - v, P - jeB - = jo=0 (3a)
(radial)
. > ch .
Parallel to B: env V- ,P - — j, =0 (3b)
. e
Azimuthal: enveV - VGP + j,B - - Jg © 0 (3c)

Where the subscripts L, u and e refer to the normal, parallel and
azimuthal directions with respect to the magnetic field vector. For the

experimenté] configuration here, these directions are defined in Figure 23.
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*
Assuming there are no potential or pressure gradients in the azimuthal

direction Eqn. (3b) becomes,
ju:O . (4)

Therefore, there is no net current flow parallel to the magnetic field.
Equations (3a & b) can be solved simultaneously for the components of the

current in azimuthal and normal directions to give,

. _ Be .
Jg = = o 2> (5)
o
Ve
Jy = X 7 ¥ o 2 . (6)
Voo T U
The quanity wg = g%_ is the electron cyclotron frequency. These equations
14

are essentially the same as those given by Wells. It can be seen from
Eqn. (5) that if there is a current across the magnetic field lines from the
main to cathode discharge region (j,) then there must also be a current in
the azimuthal direction (je).

Equation (6) can be written in terms of the classical coefficient for

electron diffusion across magnetic field lines DC as,

2
Jp =0 GF V- g WPl (7)
where,
_ kT e
b= Gzva] - (8)
*

Plasma oscillations leading to potential gradients in the azimuthal
direction have been proposed as a mechanism for Bohm diffusion. However,
we shall assume here that there are no steady state potential gradients,
while maintaining that Bohm diffusion is still possible.
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Now assuming the electron velocity distribution is Maxwellian, the electron

pressure is related to the number density and temperature by,
P=nkT (9)
so that Eqn. (7) becomes,
i, = DC[{(‘.?—ZVJ_V - evn - 34 VJ_T:] : , (10)

Finally, making the notation change v, - H%‘ Eqn.(10) can be written,

. ‘ne? dv dn en dT
J&'DC[WHF"*F"T“HF]' ()

The diffusion coefficient that appears in Eqn. (11) is that obtained from

classical diffusion theory and is defined in Egn. (8). For magnetic field

strengths such that

w
8. 1 (12)
\)C .

which is typical of the aperture region, the classical diffusion coefficient

becomes ,
kT mve
D = —55— . (13)

C e2B2
However, it has been found that a diffusion coefficient proportional to

B™! correlates better with experimental resulits obtained in jon thrusters.20

This diffusion coefficient, first proposed by Bohm,Z] may be written as,
.k |
D8 = Teep - (14)

At this point in the analysis it was necessary to determine what form
of the diffusion coefficient should be used. (i.e. whether Bohm or classical
diffusion applies through the baffle aperture.) An attempt was made to

determine experimentally an average value for the diffusion coefficient
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through the aperture. To do this Eqn. (10) was solved for the electron

diffusion coefficient across magnetic field lines to give,

_ . [ nez dv n endr]?t
DL‘J[kT W‘W'T—d—r] : (15)

The diffusion coefficient appropriate to the experimental apparatus can be
determined from Eqn. (15) provided the derivatives on the right hand side

of this equation can be determined experimentally. The information required
as input to this equation was obtained for a few cases by measuring the
plasma properties at several radial positions through the aperture with a
Langmuir probe. An example of the results obtained by doing this are given
in Fig. 25 where the plasma potential is plotted as a function of radial
position. This type of extensive data collection provides good approximations
to the derivatives required by Eqn. (15). However, the amount of work re-
quired to implement this procedure over a wide variety of test conditions

is prohibitive. The derivatives were therefore approximated as the change
in the property through the aperture divided by the distance over which the
change occurred, that is, the derivative dV/dr was approximated by AV/Ar,
etc. A typical example of the approximation of the potential gradient is
shown in Fig. 25 as the dashed line. The approximation is seen to be fairly
good and is typical of the results obtained for other test conditions. At
very low magnetic flux densities (less than §20x10'l+ tesla) in the aperture
this method tends to overestimate in the value of the derivative and this
artificially lowers the calculated diffusion coefficient slightly. This

is not a serious problem however since the magnetic field in the aperture

of a normally operating thruster is generally well above this value. The
advantage of this procedure is that it enables the experimenter to obtain

satisfactory results with only two Langmuir probe measurements at each
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operating condition. With these approximations Egn. (15) takes the form,

_<[ne2 av _ an _en aT]™!
DJ—"J[WE r T T Ar‘] (16)

where the distance Ar is taken to be equal to the aperture gap size w.

The gap size is the distance from the downstream end of the cathode pole
piece to the baffle plate (Fig. 23). It was assumed that the length of
significant magnetic f]dx density through which the electrons had to diffuse
to escape into the main discharge region was approximately the same as the
distance over which the changes in plasma properties occurred. Further,

it was assumed that this length of significant magnetic flux density was
equal to the gap size. This led finally to the condition that the quantities
Ar in Eqn. (16) are approximately equal to the gap size w*.

It must now be decided what values for the density (n) and temperature
(T) should be used in Eqn. (15) since both of these quantities change as one
passes through the aperture. Two different methods of assigning these
parameters were investigated.

The first method assigns average values to the density and temperature
through the aperture. These averages were defined according to the follow-
ing equations,

+
Navg ~ 2
T *70 (Ty * £ %))

= p
Tavg ; (18)

where the subscripts "c" and "m" refer to the cathode and main discharge

regions respectively and €y is the primary electron energy in eV. The

* .
This assumes that the potential, density and temperature changes all

occur over the same size distance. However this isn't necessarily the
case and a better calculation of the diffusion coefficient could be made
if the distance over which each property change occurred was known.
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average temperature was defined in the manner described by Eqn. (18)»in
an attempt to account for the presence of primary electrons at the main
discharge side of the aperture.

The second method is based on an assumption suggested by Kaufman and
Robinson.z2 The assumption is essentially that in traversing through the
aperture from the cathode region to the main discharge region the density
change occurs first while the potential and temperature are constant and
then the potential and temperature changes occur while the density is
constant. |

Depending on which method is used Eqn. (16) becomes,

. e2navg AV an Mavg aT77?
Method 1: D _= ] KT T E} (19)
avg avg .
M .h d 2 _ .Aeznm AV An Aenm AT -1 | 2
ethod 2: Dy =J|gT r - Car " T, ar (20)

’

By utilizing the experimental data obtained in tests conducted with the
test appartus described previously it should now be possible to determine
diffusion coefficients from Eqns. (17) and (18) which are appropriate to
the two methods which have been described. Diffusion coefficients evaluated
in this way will be given later, but it is necessary to note now that the

experimentally determined coefficients are better described by a Bohm model

of the form

- KT
Dg * T6eBa ° (21)

The coefficient o and the temperature T appearing in this expression will
take on different values for the two methods, but the theoretical development
continues in basically the same way.

Substituting Eqn. (21) for the diffusion coefficient in Eqn. (11)

yields,



63

kT [ne2dv _ dn _endr
J = JTeeB [kT ar " %ar T T H?] (22)

which can be rearranged to obtain
al16jBdr = endV - kT dn - kndT . (23)

Integrating Egn. (23) over the diffusion depth as suggested by Kaufman

and Robinson22 yields,

160 [ jBdr = e [ ndV - k [ Tdn - k [ ndT . (24)

Assuming now that there is negilible electron production in the aperture
region so that the current is constant, the current density can be written

as,

5" = 76y (25)

where A(r) is the area as determined by the magnetic field 1ine at a
distance r from the origin from which the electrons find immediate access
to the main discharge region. For the particular pole piece geométry
being considered experimentally here, the area A(r) is essentially constant
through the aperture region so fhat Eqns. (24) and (25) combine to give,

16 o I [ Bdr

A= . (26)
e [ ndv - k [ Tdn - k [ ndT

In this equation “A,’represents the area which the electrons can flow
through just as they reach the critical field 1ine which takes them into
the main discharge region. For the geometry studied experimentally here
it also corresponds to the physical area of the aperture. Equation (26)
then is the desired theoretical relationship between the aperture area and
the magnetic field strength and plasma properties through the gap. In

order to calculate the aperture area from Eqn. (26) the integrals in the
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. denominator on the right hand side of the equation must be evaluated.

This can be done using either of the two methods discussed previously.

Results and Discussion

It was considered important in this study to determine the diffusion
coefficient that seemed to describe the electron flow through the baffle
most accurately. This was done by computing the diffusion coefficient from
Eqns. (19 and 20) using experimentally determined plasma property data. The
results obtained using Eqn. (20) (Method 2) to determine the diffusion
coefficient are given in Figure 26 where this coefficient is plotted against
the magnetic flux density in the aperture. In this case it is apparent that
the experimental diffusion coefficient agrees with Bohm theory (Eqn. 21)
without the need for any correction factor (o = 1). The diffusion coefficient
determined from Eqn. (20) agreed with Eqn. (21) for o = 1 to within an average
of about 30%. For Method 1 the correction factor (a) was determined by di-
viding the Bohm diffusion coefficient (Eqn. 21) by Egn. (19) for all of the
test results. This ratio determines then for each case what correction factor
is needed to make the Bohm diffusion coefficient agree with Egn. (19). This
correction factor is plotted against the magnetic field strength at the
center of the aperture in Fig. 27, where the average and standard deviation
are indicated by the solid and dashed 1lines respectively. This figure shows
that the coefficient takes on a constant value of 2.6 to with * 35% over all
test conditions. Regardless of the method used in the work the predictions
of the classical diffusion theory were at least an order of magnitude too
low. Therefore it appears that either Method 1 or 2 could be used to model
the electron diffusion through the aperture, although Method 2 would seem
preferable on the grounds that it doesn't require the correction factor used

in Method 1.



(m2/s)

DIFFUSION COEFFICIENT, D,

160

120

100

(0]
@)

D
O

40

20

65

TAN
TEST NO.
(TABLE T)
o |
A o 2
TAN O 3,4
ﬁk °
R S0
TAY

kTe
Daoum = |6eB

L ) 1 i !

1 ]
20 40 60 80 100 120
MAGNETIC FLUX DENSITY, Bmiq ( Tesla)

Figure 26. Diffusion Coefficient Computed Using Method 2



a

CORRECTION FACTOR,

10

66

TEST NO.

(TABLE 1)

o |
8| O 2

N 3,4
6_

4
a
4+ Y
JAY (@)
e — _p_.gb.(a—(g—o- — - - —0 ——8-5_ _____
O A
O A O 00
2 o A 7ay A 0 o
5 A ,
A AW % o
JA) AM .
%10~

| | | | A 1 1 g'o
0] 20 40 60 80 100 120

Figure 27.

MAGNETIC FLUX DENSITY, Bmiq ( Tesla)

Correction Factor for Method 1



67

It is noteworthy to point out here that the dominant reasons why the
factor of 2.6 is needed in Method 1 while it is not in Method 2 is that
Method 2 employs the cathode electron temperature in the Bohm diffusion
expression (Egn. 21) while Method i employs the average temperature and

the mean value of the ratio of these two temperatures is about 2.6.

Aperture Area Determined Using Method 1
As described previously, this method assigns average values to the
plasma properties through the aperture. It also requires the use of the
correction factor o so that the aperture area is given by,
16 o I [Bdr

A = ’ (28)
e [ ndV - k [ Tdn - k [ ndT

The use of average quantities allows the integrals in the denominator of

Eqn. (28) to be approximated as,

[ndv = Mavg &Y
JTdn = Tavg An (29)
fndT = n AT

avg

where Mavg and Tavg are defined in Eqns. (17) and (18) respectively.

Therefore we can write Eqn. (28) as,

16 o I [Bdr
A = . (30)

enavg AV - kTangn - knangT

Finally for the geometry of the pole piece used in this study it was pos-
sible to make the following approximation for the integral of the magnetic
field through the aperture,

[Bdr =B . ar (31)

mid

where Bmid is the magnetic flux density at the midpoint of the aperture
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and Ar is the aperture gap w. To determine the validity of this approxi-
mation both the integral and the approximation were evaluated for several
experimental cases. The results are shown for [Bdr plotted against
BmidAr in Fig. 28. 1In evaluating the integral, the integration is assumed
to take place over the distance from the centerline of the cathode to the
critical magnetic field line. There is some difficulty however in knowing
exactly the location of the critical magnetic field line. For this reason
the magnetic field integrals were evaluated up to the two different limits
shown in Fig. 24 which were observed from iron filings maps to bracket the
range of uncertainty. The results of these calculations (Figure 28) suggest,
that the approximation of Eqn. (31) is sufficiently accurate for this work.
Certainly it is accurate to within the uncertainty for determining the loca-
tion of the critical magnetic field 1ine. With this approximation then
Eqn. (28) can be written as,

16 a I BmidAr

A= . (32)
AV - kT_. An - kn_ AT
avg avg

enavg
In an effort to make Eqn. (32) easier to apply for someone designing a
thruster it was noticed that to a first approximation the ratio enangV/
kTanAn was constant. This constancy is discussed in some detail in
Reference 11. 1Its average value was very close to 4 and was constant to

within }46%. Therefore one can use the approximation,

-1
kTangn = Z-enangV . (33)

The data also show that the temperature gradient term (knangT) contributes
a negligibte effect in Eqn. (32) so it can be rewritten

A - 16al BmidAr
T 5

3 enangV

(34)
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To test Eqn. (34) experimentally the plasma properties on both sides of

the aperture were measured for a wide variety of magnetic field strengths

in the gap for three different aperture configurations described in Table II.
The results of these tests are given in Reference (11) were the aperture
area calculated from Eqn. (34) is plotted against the magnetic flux‘density
at the center of the gap. These results are summarized in Fig. 29 where

the mean values and standard deviations of the areas calculated using

Eqn. (34) are plotted against the measured aperture areas. The mean cal-
culated values are observed to be ré]ative]y close to the actual areas
although standard deviations of as high as 45% are observed in some of the:

data.

Aperture Area Determined Using Method 2.

This method makes use of the assumption22 that in going through the
aperture the density change occurs first while the potential and temperature
are constant and then the potential and temperature change while the density
is constant. Experimental measurement of plasma properties through the
aperture, of which Fig. 30 is an example, suggest that this is probably an
acceptable assumption although the physical basis for this behavior is not
apparent. Ideally the density change should occur at lesser radii for the
assumption to be completely valid. Using this assumption the integrals in
the denominator of Eqn. (27) can be approximated to give,

16 1 [Bdr

A= . ’ (35)
enmAV - chAn f knmAT

Now if the approximation of Eqn. (31) is used Eqn. (35) becomes,

16 I B . ,Ar
A = m1d . (36) )
enmAV - kTCAn - knmAT
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The data collected in the tests of Table II has been used in this equation
to determine the calculated éperture area. The mean values of these cal-
culated areas along with standard deviations obtained from several tens of
tests at the various test conditions of Table II is plotted against
measured aperture area in Fig. 31. The circular symbols correspond to
the results obtained using Eqn. (36) as written. The difference in tempera-
tures, AT, required as input to the equation was taken as the difference in
Maxwellian temperature across the aperture in this case. The square symbo]s'
correspond to the results obtained neglecting the temperature gradient term.
Clearly the temperature gradient term, defined in this manner, exhibits a
small effect. The correlation obtained between the calculated and measured
values using Method 2 is about as good as that obtained with Method 1.
Equation (35) can also be used to solve for the value of the magnetic
field integral required to effect operation at a specified aperture area
given the plasma properties on either side of the gap, the current flow .
through the apertufe and its area. To facilitate calculation of this
quantity Eqn. (35) was solved for the integral to yield, :
en AV - kTCAn - knmAT |

[Bdr = —T . (37)
16 (I/A)

The magnetic field integral calculated from Eqn. (37) is plotted against
the measured integral determined using BmidAr’ in Fig. 32. The dashed line
represents a linear least squares curve fit of the data and the line of
perfect correlation is indicated by the solid line. Again the agreement
between calculated and measured values as indicated by the proximity of
these two lines is quite good. Figure 32 does show however that there is
considerable scatter in the actua] data about the mean values represented

by the lines.
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Conclusions

The diffusion of electrons through the aperture region can be described
by some form of the Bohm diffusion coefficient. The form of the dif-
fusion coefficient which agrees with experimental results depends on how
the values for the plasma parameters in the aperture are assigned. If

average values are used, then a correction factor of 2.6 must be applied

* to the Bohm diffusion coefficient to make it agree with the experimental

results. However, if the assumptions of Method 2 are made then the
Bohm diffusion theory agrees with the experiments without the need for
a correction factor.

Classical theory underestimates the diffusion coefficient by at least
an order of magnitude.

Given the magnetic field and plasma properties in the aperture region
as inputs to the theory, calculated aperture areas agreed with measured
values to within an accuracy of about *45% for both methods.

It is also possible to calculate the magnetic field integral through
the aperture required to effect operation at a given current level for

a given aperture area and specified plasma properties.
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APPENDIX A
SPHERICAL PROBE TRACE ANALYSIS

Graeme Aston

Plasma conditions inside the ion source used for the screen hole sheath
study and the region downstream of the SERT II thruster with high voltage off
are such that the Debye length at typical operation conditions is approxi-
mately 0.5 mm or greater. This fairly large Debye length necessitates the
use of a thick sheath Langmuir probe analysis. For both studies spherical
probes are used. A typical spherical probe trace obtained in these studies
is shown in Figure A-1. This probe trace may be analyzed in the following
way.

In the electron retarding region the electron current to the probe
Cis given by

Ln I = AV +B . (A-1)

While in the saturation region the electron current for a thick sheath
spherical probe is described by

I =Cv+D. (A-2)
Substituting Eqn. A-2 into Eqn. A-1 and rearranging gives

= CB C
I—(D-A)+ALnI. (A-3)

-

Here, A is the inverse of the electron temperature (eV) which may be ob-
tained from the slope of a plot of the retarding region of the trace on
semilog graph paper. Also, C is the slope of the saturation region of
the original probe trace, which is linear and is a measure of the con-
ductance of the plasma. Both B and D may be obtained once A and C are

known by solving Eqns. (A-1) and (A-2) at any current-voltage point in each



80

region of the original probé trace. Having found the constants A, B, C
and D the transcendental Eqn. (A-3) may be solved iteratively to obtain
the electron saturation current Isat and either Eqn. (A-1) or (A-2) may
be used to give the plasma potential Vp. These results may be used to

determine the electron density Ngs by using the following equations.

In the retarding region

12
n, = 2.969 x 10 —sat_ -3 (A-4)

In the saturation region

€ m-3 . (A-5)

n = 2.969 x 1012 - C -
e az

Here, Te is the Maxwellian electron temperature in eV, while a is the

probe radius in meters. The values of electron density computed from

Eqns. (A-4) and (A-5) agree to within 20% in data analyzed to date.
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APPENDIX B

Results obtained during the past year under the subject grant which
were reported at the
Princeton/AIAA/DGLR 14th
International Electric
Propulsion Conference .

Paper 79-2054 Plasma Property and Performance Prediction for

Mercury Ion Thrusters

Paper 79-2056 Studies on an Experimental Quartz Tube Hollow
Cathode

Electron Diffusion through the Baffle Aperture of

Paper 79-2060
a Hollow Cathode Thruster

Paper 79-2062 A Model for Nitrogen Chemisorption in Ion Thrusters

Paper 79-2114 The Screen Hole Plasma Sheath of an Ion Accelerator

System
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PLASMA PROPERTY AND PERFORMANCE PREDICTION
FOR MERCURY ION THRUSTERS*

Glen R. Longhurst** and Paul J. Nilbur+
Colorado State University
Fort Collins, Colorado 80523

Abstract

The discharge chambers of mercury ion thrusters
are modelled so the principal effects and processes
which .govern discharge plasma properties and
thruster performance are described. The conserva-
tion.relations for mass, charge and energy when
applied to the Maxwellian electron population in
the ion production region yield equations which may
be made one-dimensional by the proper choice of
coordinates. Solutions to these equations with the
appropriate boundary conditions give electron
density and temperature profiles which agree rea-
sonably well with measurements. It is then possible
to estimate plasma properties from thruster design
data and those operating parameters which are di-
rectly controllable. By varying the operating
parameter inputs to the computer code written to
solve these equations, performance curves are ob-
tained which agree quite well with measurements.

Nomenclature

Surface area (m?)
Magnetic flux density (T)
Electron diffusivity (m?/s)
Diameter (m)
Electron kinetic energy (j]
Electron charge (1.6 x 10-19 coul)
v Divergence drift force in z' direction (N)

Maxwellian electron velocity distribution
function .
Maxwellian electron energy distribution
function

Electric current (A)

Electron thermal conductivity (w/m)
Boltzmann's constant (1.38 x 10-23 J/°)
Axial length of discharge chamber (m)
Particle Mass (kg)

Number of particles in control volume
Particle number density (m-3)

Reaction rate factor for primary electrons
(m3/s)

Pressure (Pa)

Reaction rate factor for Maxwellian electrons
(m3/s)

Ton charge (coul.)

Radius (m)

Radial location in cylindrical geometry (m)
Radial location in magnetic field geometry {m)
Temperature {°k)

Time (s)

Potential (V)

[f=] - Mo MO

TS 2 x X

<t =3 5 VO oo

* Work performed under NASA Grant NGR-06-002-112.

** Research Assistant, Dept. of Mechanical Engineer-
ing, presently at EG¥G Idaho, Idaho Falls, Idaho.

+ Professor, Dept. of Mechanical Engineering,
Member AIAA.

Copyright© American Institute of Aeronautics and
Astronautics, Inc., 1979. All rights reserved.

v Volume of ion production region (m3)
Velocity (m/s) ‘
Electron kinetic energy per Maxwellian
electron (J)
Axial location in cylindrical geometry (m)
Axial location along magnetic field line (m)
Particte flux (m2s)-1
Propellant utilization fraction
Azimuthal location in either coordinate
system (radian) :
Angle between magnetic field and anode (radian)
First adiabatic invariant (J/T)
Effective electron collision frequency (s)~!
%o?igation frequency per Maxwellian electron
s)-
p Discharge loss in ion production region {ev/ion)
Reaction cross section (m2)
Primary electron thermalization rate per Max-
wellian electron (s)-!

1, Effective period between electron collisions (s)

¢ Grid open area fraction
w cyclotron frequency (radian/s)

Subécrigts

Anode or virtual anode
Accelerator grid

Upstream end or baffle region
Bohm

Cathode or cathode region

Control volume

Electron

Ion

Index pertaining to state before a collision
Keeper

Larmor

Maxwellian electron

Pertaining to neutral propellant
Primary electron

Plasma sheath

Screen grid

pertaining to electron collection
Atom

Beam

Plasma

Single ion

Double ion

Perpendicular to magnetic field
Reference location

Neutral ground state mercury

63P, metastable state mercury
63P, metastable state mercury
625% singly ionized state mercury
515, doubly ionized state mercury
Lumped state mercury

< E @ 03’1NN =<
Q -

<

A~ Q ©

«

<
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+
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Superscripts

i Index pertaining to state after a collision
*  Averaged over control volume
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Introduction

The investigation of ion thruster performance
and the phenomena and conditions governing it has
been ongoing for many years. Perhaps the most
significant in;ights to this Broblem were given by
Knauer, et al.' and by Masek.“ Subsequent models
to calculate thruster performance have relied to a
large extent on estimates or measurements of one
or more plasma properties. The need for a rela-
tively simple, tractable model which can provide
plasma property and thruster performance data from
only those parameters controlled directly by the
thruster designer or operator has motivated this
investigation.

What follows is an analysis of the discharge
in terms of the processes which appear to govern
it. These processes are evident mainly through
their effects on plasma properties. Because of
uncertainties attendant in reducing Langmuir probe
data from which these properties are determined,
it is appropriate to neglect many minor effects
in the analysis and concentrate on the first order
effects. Before applying the conservation laws to
obtain the predictive equations, the factors con-
tributing to these effects will be discussed.

_Ion Production Region

It has been obsenr*veds’o"5 that virtually all
of the jonization in the discharge chamber is done
within the region bounded by the surface of revo-
lution of the innermost magnetic field line to
intersect the anode. That region is therefore
called the ion production region. It is shown
schematically in Fig. 1. The magnetic surface
forming the lateral boundary of the ion production
region is called the virtual anode because elec-
trons diffusing across the magnetic field of the
jon production region are collected with high
probability very soon after they become bound to
guiding centers on or outside that surface. The
field lines labelled "critical field lines” in
Fig. 1 are those whose surfaces of revolution de-
fine that region of the discharge to which the
primary electrons coming from the cathode have
direct access without the need of collisions or
drifts.

The jon production region is the control
volume for energy, mass and charge balances. Be-
fore performing those balances, however, consider
the macroscopic nature of particle behaviors in
this region. Propellant atoms enter either
through the cathode chamber or by diffusion across
the virtual anode. Because atom densities are low
and their mean free paths are large, they are
assumed to be nearly uniformly distributed and
to have a Maxwellian velocity distribution func-
tion at the temperature of the thruster walls.
Propellant atoms leave the ion production region
either by being converted to ions or by drifting
out through the grids. Atoms which are excited by
electron bombardment to other than ionic or meta-
stable states are assumed to de-excite immediately
by photon emission to the neutral ground state.
Metastable and ground ionic state atoms are as-
sumed to either travel across the discharge
chamber to the thruster surfaces, where they de-
excite to ground state neutral atoms, or to the
grid agertures where they are lost. It is be-
Tieved® that only the 615, ground state neutral,

- —)|
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Typical Ion Thruster

Figure 1. .
Magnetic Field Configuration.

63Py and 63P, metastable, 625, single ion 51Sp
double ion atomic states will “exist in any signifi-
cant densities in a mercury plasma discharge. The
transitions between the states considered in this
analysis are illustrated schematically by lines in
Fig. 2. Lines extending to the walls and back to
the 61S; state symbolize de-excitation reactions
occurring at the walls.
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Figure 2. Schematic of important mass

flows and atomic transitions
in mercury ion thrusters.
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Primary electrons enter the ion production
region from the cathode or cathode chamber plasma
at an energy corresponding to the difference be-
tween main discharge plasma potential and either
cathode potential or cathode plasma potential de-
pending on the design. In the latter case where a
cathode chamber is used, the cathode plasma is as-
sumed to be near keeper potential. Provided the
region defined by the critical field lines in Fig. 1
1ies wholly within the ion production region, the
entire cathode or primary electron current may be
assumed to enter the ion production region. It is
further assumed that all the primary electrons
equilibrate with the Maxwellian electrons before
Teaving the ion production region. The slowing or
thermalization of primary electrons constitutes one
distributed source of Maxwellian electrons. The
other source, also distributed spatially, is de-
rived from the ionization being done. As a result
of the plasma being substantially positive in
potential with respect to most thruster surfaces
except the anode, very few electrons leave the ion
production region except by diffusing across the
virtual anode surface. They are then collected
quickly from a fairly thin plasma layer near this
surface. Collection over -a thin anode segment is
suggested by anode melting patterns and current
measurements to segmented anodes on Beatties'
cusped field thruster.® Reader/ also found that
anode length did not significantly alter performance
provided the location of the anode-virtual anode
intersection was not altered, again suggesting the
localized collection of electrons. It is assumed
that all the electrons collected by the anode are
Maxwellian.

Plasma Properties

A survey of plasma property data from the dis-
charge chamber? gf a_nymber of different thruster
configurations'’ 251859 suggests certain generali-
zations regarding plasma properties. These are
illustrated by the SERT,II plasma property data of
Fig. 3 taken by Peters.” Perhaps most significant
is that Maxwellian electron temperature has been
found!0 to be nearly constant along magnetic field

»
Q
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PRIMARY ELEC. ENERGY {oV)
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Figure 3.

Plasma property profiles for
the SERT II Thruster.

1ines within the ion production region. The corre-
Tation between magnetic field Tines and Tines of

constant Maxwellian electron temperature (obtained
by linear interpolation of published data) is shown

in Fig. 4 for the SERT II and Axial Field
‘thrusters.! This correlation is important because
wnmwg B ) _ ¢
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— ——"-§\\
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b) DIVERGENT FIELD (SERT M)

= CONSTANT MAXWELLIAN
TEMPERATURE (eV)

MAGNETIC FIELD LINES

Correlation of Maxwellian
electron temperature contours
with magnetic field lines-
of-force.

Figure 4.

it assures that electrons have relatively unre-
stricted motion along field lines. This allows the
one-dimensionalization of the transport equations.
Also of interest are the observed absence of pri-
mary electrons outside the ion production region

and the uniformity of primary electron energy within
that region. This is significant because it indi-
cates that primary electrons are able to move outside
the region bounded by the critical field line
surfaces ?Fig. 1) without losing energy to colli-
sions. The details of the scattering are not under-
stood presently. Next, it is noted that to a

first approximation, the primary and Maxwellian
electron density profiles are nearly the same

shape. Considering the difficulty associated with
obtaining primary electron data from probe traces,
it appears justifiable to assume that the ratio of
primary-to-Maxwellian electron densities is a
spatial constant. This assumption greatly simpli-
fies calculations. Finally, it is observed that
Maxwellian electron density, and therefore total
charged particle density, is very low outside the
ion production region. This appears to be a re-
sult of the combined effects of jon acceleration

to the Bohm velocity at or near the virtual anode
surface3 and the rapid collection of electrons
outside the ion production region. It appears to

be the latter process which brings about the

former. Having made these generalizations and
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assumptions regarding plasma properties and the
processes ongoing in the thruster, the control
volume of the ion production region will now be

quantitatively analyzed. Units will be SI unless
stated otherwise.

Mass and Charge Conservation

If electric fields within the ion production
region are ignored, the diffusion of the electrons
within that control volume is given by

I; =-D- g (M)

where T7, is a vector electron flux, and D is a
tensor ~ describing the diffusivity of electrons
which havedensity ne- This equation may be re-
duced to one-dimensional form. It was noted pre-
viously that electrons appear to have relatively
unrestricted motion along magnetic field lines and
that because of plasma sheath effects there is
virtually no net transport of electrons in the di-
rection of those field lines within the ion pro-
duction region except at the virtual anode surface.
Now let the local coordinate system r', 6, z' be
defined such that at every location in the ion
production region the unit vector z' is tangent to
the local magnetic field, 6 is the azimuthal unit
vector in a plane perpendicular to the thruster
axis and r' is away from the thruster axis and
mutually perpendicular to 6 and z'. This is
represented in Fig. 5.

The assumption of no net

CATHODE
CHAMBER

MAGNETIC
FIELD LINES

Definition of local unit
vectors r', 8 and z'.

rigure 5.

electron motion along field lines together with
the assumed absence of azimuthal gradients due to
symmetry, implies that the only diffusion is in the
r' direction. Eq. (1) thus becomes for Maxwellian
electrons

.

where the subscript L signifies the fact that the
flux and gradient are in the r'direction, and the
diffusivity in this same direction D, is a scalar.

(2)

m- "D Vg

The classical diffusivity of Maxwellian elec-

tons of charge e, mass M, and temperature T,
diffusing across a magne%ic field of flux density B
as a result of ??1lisions which occur with
frequency v is

kT M v
p, = —I=- (3)
e? B2

where_k is the Boltzmann constant. It has been
found12,13,14  however, that a better model for
diffusion in bombardment ion thrusters is the Bohm
mndel given by '

kT
B = T6eB (4)

Eq. (4) was determined empirically rather than de-
rived and fits most exp?gimental data within a
factor of two or three. It will be used here as
calculated from the local magnetic flux density

B and the Maxwellian electron temperature averaged
over the ion production region volume, ﬂ;. Using
this single temperature is arbitrary, but because
of the approximate way in which Eq. (4) models the
electron diffusion and also because of the simplifi-
cation it affords, it is deemed acceptable.

D

It is noted at this point that if the effective
collision frequency per electron v in Eq. (3) is
taken to be one sixteenth the electron cyclotron
frequency wg where

(5)

L -8
e Me

then Eqs. (3) and (4) become identical. Use will

be made of this observation later.

The mass continuity relation for the Maxwellian
electrons requires that

(6)

. = +
v r.m U (\).i )

where the right hand side of Eq. (6) represents the
rate per unit volume at which Maxwellian electrons
are added to the population. The first term in
parentheses v; is the rate per Maxwellian electron
at which electrons are added due to the ionization
process in any region of the control volume. The
rate per Maxwellian electron at which primary elec-
trons are thermalized is 1. The quantity v4 is
given by

v, =
Al

W1

(7)

n . .
1 1
] n; [ﬁﬁ'Pj (Ep) + Q5 (ﬂn)]

J

where the summation implied is over the number of
atomic states which are present in the control
volume and which may be ionized. It is assumed
that 61Sq, 63Py, 63P, and 625y are the only such
states and that each gives up“a singie Maxwellian
electron in the ionization reaction. Those re-
actions are characte(ized by the ionization rate

factors P}(Ep) and Q}(Tm) for collisions with pri-

mary and Maxwellian electrons, respectively, which
are given by

: . 2E
YE ) = o} —2
PE) = oj(E N 5 (8)
and
03(Ty) = [ olEnTy) P3(E) dE. (9)

The ionization cross sections c!(E) used in evalu-

ating Eq. (8) are those of Rockwood© for ground
state neutral atoms and of Peters® for ionizations
involving other states. The function g{E,Tp) in
Eq. (9) is the Maxwellian energy distribution
function
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(k 7)%*

9lE,T,) = &xp(- 7 - (10)

Nin

Returning to Eq. (7), one notes that nj; is the
number density of the atoms of state j° while np

and np are the primary electron and Maxwellian
electron number densities, respectively. The atom
densities nj will be discussed further later. Since
the ratio o% primary electrons to Maxwellian elec-
trons is assumed constant the local value of the
ratio is equal to the ratio of the average
densities.

(1)

E= lt'-':
]
5 Ao *

The asterisks denote average over the control
volume. It was found unsatisfactory to calculate n*
from known boundary conditions and cross sections.
Instead a correlation of experimental data, shown

in Fig. 6 and represented by the equation

; 0.15 ,, 0.75
* — 15
np 2.75 x 10 (Ia v,

-12), (12)

is used to calculate n§. In this equation I and
Va are respectively thg discharge current and the
discharge potential, both of which are assumed con-
trollabie.

3.5 xi0"
DIVERGENT FIELD THRUSTER
O 8cm Dia. a
3.0F O (5Sem Dia.
630cm Dia.

L
2
T

n
(o}
T

PRIMARY ELECTRON DENSITY (cm®)
o o
T 1

o
(4]
T

oL\ ] 1 1 1 1 )

o YV |2 14 16 18 20 22
I?,”V:"( omp“"volt"'")

Figure 6. Average primary electron

- density correlation.

Primary electrons are thermalized as they are
released into the discharge chamber at the rate 1
(Eq. (6)) which is given by

Ic
T e n; v

(13)

where I. is the cathode electron current, and ¥
represents the volume of the ion production region.
Because the electron current to the anode, I, must
include an electron for each- ion leaving in the beam

current {I,) as well as one for each electron enter-
ing from the cathode,

= - 14

I.=1, IB‘ (14)

The net flux of Maxwellian electrons in the
jon production region is in the r' direction.
This means that the basic equations describing
electron diffusion (Egs. 1 and 6) can be combined
and simplified into a one-dimensional expression
in terms of the independent variable r'. Unfor-
tunately the differential equation for electron
diffusion in this direction is very complex because
of the structure of the magnetic field surfaces.
In order to obtain a tractable diffusion equation

" and thereby facilitate calculation of the electron

density contour it will be assumed that the

process of diffusion in the r' direction can be
described in an approximate way by representing

the complex surface everywhere normal to the field
lines and having a total extent in the r' direction
from centerline to virtual anode of radius R, as

a circular plane normal to the axis with radius
also equal to R. Then in this plane the solution
for the Maxwellian electron density nyp at the
radial distance r/R will be taken to approximate
the solution on the real surface at the location
r'/R. For the approximating planar region Eqs. (1)
and (6) combine to give

.t T
320y 13 m ( Vi 2 =
.B_EZ+E€ + D R 0 (15)
in terms of the reduced coordinate £ = r/R. This

equation is solved easily subject to the boundary
condition ny = npe at £ = 0 to give

(/3=
nm-nmo JO '—DB—' Reg (]6)
where J, represents the zeroth order Bessel
Function. Then, also, the solution on the real
surface normal to the field lines is given by
( \)_i+'r
m_ Mg 0 DB Rz (]7)
or
V5= -)
nm=nmo JO T r (]8)

Figure 7 shows a discharge chamber magnetic field
geometry with orthogonals to the magnetic field
lines drawn in. Typical distances from the
thruster axis to the virtual anode along surfaces
perpendicular to magnetic field lines as they have
been estimated for this analysis are drawn in as
dotted 1ines in the figure (Ry at the baffle loca-
tion and R at the grids).
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Figure 7. Curvilinear geometry of a
divergent magnetic field.

Eq. (18) approximates the variation of Max-
wellian electron density on a surface everywhere
normal to the field lines in the ion production
region in the absence of electric fields. Because
the primary-to-Maxwellian density ratio (np/np) is
assumed constant, Eq. (18) also describes the
total electron density profile. By the quasi-
neutrality condition for plasmas the total ion
density must also have this profile.

The longitudinal variation in electron density
will now be examined. Even though there is no net
flux of Maxwellian electrons in the z' direction,
density gradients may exist along magnetic field
lines due to body forces. Consistent with previous
assumptions and the fact that ion energies are
typically only one percent or so of electron en-
ergies except at ion production region boundaries,
electric fields in the z' direction are ignored.

The data points of Figure 8 show the variation
of electron density along the axes of several
thrusters. Typically this density is observed to
drop off as one proceeds either upstream or down-
stream from the point where z'/L = 0.3. The de-
crease in density occurring upstream and downstream
of this point is due at least in part to the diver-
gence of the field lines and the associated change
in the cross sectional area of the ion production
region. Since the surface area-magnetic flux
density product is essentially constant over a sur-
face everywhere normal to the field lines in the
ion production region, one might expect the plasma
density to vary directly with the magnetic flux
density.

=T — 19
Pno  Bo (19)

Some correction to this expression is needed however
to reflect the effects of forces such as those due
to magnetic field divergence. An empirical modi-
fication to the direct proportionality of Eq. (19)
that seems to facilitate better matching of the
experimental data is

n

E

1-%-) . (20)

B
= = exp (
Bo 0

3

Mo

The solid lines shown in Figure 8 were obtained
using Eq. (20) with the reference magnetic flux
density By defined as the average value of flux
density evaluated over the surface everywhere normal
to the field lines at z'/L = 0.3. At this axial
location the centerline and reference Maxwellian
electron density nmy, takes on its maximum value.
As the proximately of the solid lines and data
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Figure 8. Relative Maxwelljan electron

density as a function of
normalized thruster length
measured from the upstream
end of several thrusters
along the thruster axis.

Lines are plots of Eq. (20)
evaluated with By at z'/L=0.3.



90

points in Figure 8 suggest, incorporation of the
exponential term of Eq. (20) yields a good match
with experimental data particularly in the cases of
the SERT II and 30 ~m dia. thrusters.

Eq's. (18) and (20) may be combined to give a
two-dimensional Maxwellian electron density profile
within the ion production region:

nm(r',z') = nmo -§é3l) exp(1- Eéﬁll)

o

/vi + 1
o "DB(z'>

The evaluation of the reference density " leads

to the final area of consideration under tge topic
of conservation of mass and charge. For the dis-
cussion which follows it may be helpful to refer
to Fig. 2.

(21)

It is apparent from the quasi-neultrality re-
quirement of a plasma that the total electron
density must equal the ion density. That density
will be such that the production and loss rates of
jons are equal. To calculate the loss rate of ions
from the ion production region it is assumed that
sufficiently few three body collisions (required
for recombination in the control volume) occur that
the only ion loss mechanism is recombination at

the thrustgr walls or 1oss to the beam. Ions have
been found®»3 to Jeave the ion production region at
the Bohm velocity!8 which is given by
%
ALY
Vgt e (e | (22)

Here q is the ion charge and M;j is its mass. For
single ions q is replaced by e. The single ion
loss rate may be calculated by integrating over the
surface of the jon production region,

dN+ ff

- = dA

dt Ny Vg 98 -
loss Acv

(23)

For doubly charged ions vg is /2 times that for
single ions, hence
YZn

d,, [ AN,

T J10ss ny dt

(24)
loss

Recalling that ion density profiles are assumed to
follow electron density profiles and that the ratio
np/nm is taken to be constant, Eq. (23) may also be

written
dN n n
+ +
— ={1+ L [f n_ v, dA. (25)
dt loss ( nm>(n++n++> Acv m B

The production rate for single ions is the sum
of the production rates from the 615, 63P0 and 63pP,
state atoms respectively

dn, 3 + +
—at) - f{jjzl [y Q§(T,eny PI(E))] nydv. (26)
gain

For convenience in calculations, it is found suffi-
ciently accurate to evaluate this as

3 n
d N * Moo+
(—d%> - o L DO 5 FyEN Ty

gain

(27)

where the * denotes volume averaged properties.
Double jons are produced primarily from single atom:
and their production rate is given by

dN n
++ _ * % ++
<T> .- Y nm n+ [Q+ (Tm) + -n—ri P+ (Ep)] . (28)
gain

Before evaluating ny and n,,, the densities of
the ground and excited state neutral atoms must be
found. For the metastable states, 63P; and 6%P,,
it is assumed that production occurs solely from
ground state neutral atoms and that loss occurs
only at the boundaries, as with ions, because of
their relatively long lifetimes. Specifically the
production and loss of the jth excited state
(where j=2,3) is described satisfactorily by assum-
ing atom s{ate densities are spatial constants.
When these rates are equated one obtains

* ook ny o3 ) n: v,
Yo, " [Ql(Tm) * HE Pl.(Ep)] A3t
N (29)
* 4 * _E 4
¥ "j[Qj(Tm) + n Pj(Ep) ].

The left side of this equation approximates the
rate of formation of jth state atoms. The first
term on the right is the rate of loss across the
area of the ion production region (Acy) where v,
is the thermal velocity of the atoms given by

8 kTa
Vo VT -
a .

The atom temperature T, is assumed equal to the
thruster wall temperature which is assumed known.
The second term on the left of Eq. (29) is the rate
at which jtN state atoms are converted to single
ions and thus lost.

(30)

One more equation is needed to form a determ-
inistic set for the computation of atomic specie
densities. It is the equation for the conserva-
tion of neutral ground state atoms. Neutral ground
state atoms enter from the propellant feed system.
They are converted to the 63P  and 63P, metastable
state atoms and to single ions. As previously
stated, it is assumed that all other sub-ionic ex-
cited states decay immediately leaving atoms in
their ground state. The recombination of ions and
metastable atoms at the walls constitutes an addi-
tional source of ground state neutral atoms.
Another loss mechanism is escape of neutral atoms
through the grids. Considering these effects the
conservation of neutral ground state atoms may be
written as

* 4 Goo* EE j n
n +
¥ nljzz Loy (T,) h Pl(Ep)] + Agg0

1 va =
4

n,
e

t

CV-ASg

3 n,v
- 2 a
(A, ASg¢)jZZ g7+ (ng + Y2 ng) (31)

)VB dA .
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The left side is the neutral ground state atom
loss rate in which the first term approximates
collisional excitations. The states referred to
by the index j as it varies from 1 to 5 are res-
pectively 6150 neutral ground state, 63P0 and 63P2

metastable states, 6'25;i single ion and 5!S; double

ion states. The second term on the left is the
rate at which state 1 atoms leave through the grids
which have total area Asg and effective open area
fraction to neutrals ¢.Since virtually none of the
atoms go directly throuagh both grids without
scattering off at least one surface, it is appro-
priate to consider the flow restrictions associated
with the open area fractions of each grid, ¢sg for
the screen and ¢4 for the accelerator grid, as
.series resistances such that

o = o509 tag
¢Sg + ¢ag
The right side of Eq. (31) is the rate at
which state 1 atoms are added to the control volume.
In/e is the propellant mass flow expressed in equi-
valent amperes divided by the electronic charge.
The second right hand term is the rate at which ex-
cited state atoms go to the walls, de-ecite, and
return to the jon production region. The final
term in Eq. (31) is the rate at which the two ionic
state atoms reach the walls, recombine, and come

back as state 1 atoms.
Now equating the production and loss rates of

single ions, Eq's. {(23) and (27), and double ions,
Eq's. (24) and (28), and considering also Eq's. (29)
(two equations for two species) and (31); one ob-
tains five equations which are linear in and can be
solved for the five atomic state densities. An
additional equation derived from the quasi-neutral-
ity condition enables one to solve for the total
electron degsity as well.

*
np + N, = n, + 2 ng

(32)

(33)

*
Thus if the electron temperature Ty and the primary
electron energy E, are known the atomic and ionic
specie densities gay be calculated (recall that
the volume-averaged primary electron density ny is
obtained using Eq. (12) gnd that the ratio Npr/ Nk
is assumed equal to np/ny so the Maxwellian
electron density is known as well). Obtaining Max-
wellian electron temperature and primary electron
energy will be discussed next.

Energy Conservation

Having neglected electric fields within the
ion production region, the conservation of energy
deals with accounting for electron kinetic energy
and inelastic collisional energy transfers. Ionic
and atomic kinetic energies are not important ex-
cept as previously discussed in connection with
loss rates.

The only energy input to the control volume is
the kinetic energy carried by the primary electrons
which come from the cathode. This energy is gained
as these electrons are accelerated across the
sheath into the ion production region. The cathode
sheath potential is the difference between the
plasma potential V4 in the ion production region
and the potential of the plasma near the cathode.
For hollow cathode thrusters the cathode plasma is
near keeper potential Vy. Additionally, the elec-

trons in the cathode chamber have a Maxwellian
temperature of typically from 1 to 3 eVl9 before
they cross the cathode plasma sheath. Taking kT¢
as this thermal energy, the primary electron
energy Ep may then be found from

By = vy - Vet KT, (34)

and the energy flow to the ion production region
from . IC
where I. is the net cathode emission current which
is assumed specified.

The plasma potential V4 is usually within a
few volts of anode potentia? V3. Fair results may
be obtained by assuming it is exactly at anode
potential, but some improvement is obtained by
calculating V4. This is difficult to do exactly,
but an approximation can be made by recalling that
nearly all of the electron current collected by the
anode comes from a very thin layer near the virtual
anode surface. Thickness of that layer is about
equal to the mean free path for collisional diffu-
sion across the magnetic field, whiEB is about
equal to the average Larmor radius. Using the
symbol Tmy to represent the Maxwellian electron
temperature at the virtual anode this becomes

M 8 kim
. e a
<RL> T eB l Tl’Me ]

(36)

The plasma potential is established such that for
the electron density near the anode - virtual
anode intersection oy only enough electrons can

cross the anode plasma sheath to supply the anode

current 1. For an electron collection area Ay
(assumed less than the anode area) given by
A =I§ﬁgﬂ2, (37)
X sing,

where dy is the anode diameter and 8, is the angle
the magnetic field makes with the anode surface as
shown in Fig. 9. The equation describing electron
collection is obtained by integrating the differen-
tial flux:

€

CATHODE
CHAMBER

ELECTRON COLLECTION
LAYER

VIRTUAL ANODE

ANODE

O~

Figure 9. Electron Collection Geometry.
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P
! o kT -e V

S
= [ v Flva l:"LME] exp ’—na_a .

ma X /ZeVSa
™

e

(38)

This may be solved explicity for the anode sheath

potential V_ :
Sa
1
kT, A e Mia KT, 3 (39)
= —= n| 5— 55— . (39
e Ia ZnMe

Table 1 gives a comparison of values of Vg so

computed along with values (Vg - V) observed in
tests for several thrusters. Data for the axial
field qnd SERT II thrusters are from Knauer,

et al.'! The SIT-8 data were taken at Colorado
State University, and the 30 cmdata are from Hughes
Research Laboratories. The agreement is seen

to be good. Plasma potential Vg may then be found
by summing Vs, with the known axode potential Va

to calculate the primary electron energy from
Eq. (34).

VSa = V¢ - Va

Having thus found the rate at which energy is
supplied to the ion production region tjn, atten-
tion is now given to energy losses from this region.
The kinetic energy of the primary electrons goes
either to heating the Maxwellian electrons or to
inelastic collisions with atoms or ions. The mass
difference between electrons and atoms precludes
significant atom or ion heating by the electrons.

The inelastic collisional energy lost by the
primary electrons is approximately given by

(40)

. S PP
Evp = f%j npizz Jz] n; Pj(Ep) Ej o¥ .

the cross section - ve]gcity groduct (rate fagtor)
for transitions from jtM to ith states, and E} is

the characteristic energy of the j-i transition.

It is noted that in addition to the two metastable
and two ionic states (i=2 through 5) considered as
possible products of the tollisional process,
ground state (j=1) neutral atoms are also assumed

to be available for excitation to what Rockwood!6
calls the "lumped state" (i=6) which is a collection
of all other sub-ionic excited states and for which
he gives an effective cross section function with
its characteristic energy.

Some of the energy transferred to the Max-
wellian electrons eventually leaves the control
volume in the form of ions or as de-excitation
photons resulting from collisions of Maxwellian
electrons with atoms. That energy loss rate is

. 6 4 o

Ep = I ng ] T on* QT ) E} dv

m m, = i J ) mX J
‘va i=2 j=1

where Q!(Tﬁ) is a rate factor for Maxwellian elec-

trons and is related to P}(E) through Eq. (9).

(41)

The only other significant energy loss from
the Maxwellian electrons in the ion production
region is that carried across the boundaries of the
control volume. The dominant loss at the boundary

is the convective loss at the virtual anode. Its
magnitude can be calculated from
© o © M
Foo= € (y24y24y2
E, = A [ 1] nmx 7?-(vrfva+vi)
== Viin
(42)

vr‘f(vr) f(ve) f(vZJ dvr,dve dvz,

where Vmin the velocity required to overcome the

sheath potential 15/§§!§a for Vg, > 0 and zero

Here the index i denotes the excited states con- . e
sidered as possible outcomes from the collisions, otherwise. Eq. (42) reduces to
and j refers to the state of the atoms before the . Ia
collisions. Thus n3 is the volume averaged depsity E, =% (2 kT + eV ) (43)
of jth state atoms 1615, 6%y, 63P2, 625y), P} is | Mm%
Table I

ComQarison of Calculated Anode Sheath Potential
with Measured Values for Several Thrusters

Thruster Axial Field SERT-II SIT-8 30 cm
Ta (ev) 4.6 5 11.6 2.3

B (T) .0019 .0015 .0044 .0018
8, (deg) 26 75 55 76

dg (m) .15 .15 .088 .296
I (A) 1.03 1.7 0.72 10.0
hm(m-3x10'16) 0.8 2.0 2.0 4.3
Vsa(V) 1.69 1.30 6.33 -1.4
V¢- Va v 1.5 1.5 7 -2
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for an assumed isotropic Maxwellian distribution of
velocities with the temperature of the Maxwellian
electrons at the virtual anode surface Tp,.

One surface other than the virtual anode sur-
face over which significant Maxwellian electron
energy is lost is that at the upstream end of the
jon production region where the magnetic field
lines intersect the structure. There a few of the
electrons in the tail of the Maxwellian distribution
have sufficient energies to cross the sheath and
carry their energies from the ion production region.
Applying Eq. (42) to this baffle region by noting
that the potential to be overcome in this case is
Vg rather than VSa and that one must integrate for

Vsa in Eq. (42) gives the flux density for this

energy flow. Then for upstream area Ap the energy
loss rate Ep becomes

- eV
KT \% )
s 'm (2kT_+ev ) dA.(44)
Ey = {\{; n <Z"Me> exp|\ kT mo ¢

This energy loss rate from the tail of the Max-
wellian distribution is small, typically 5 to 15
percent of the energy loss rate to the virtual
anode for the cases studied. Electron energy
losses across the downstream end of the jon pro-
duction region are even less important because of
the lower densities at that end and the small
fraction of the area there which is at cathode
potential. The accelerating grid potential is
assumed to reflect nearly all electrons over most
of the screen grid area.

For steady state operation the power into the
electron population must be balanced by the power
loss from it; that is

E. =E +E, +E +E .

in EVb EVh a b
For a given input power, the temperature of the
Maxwellian electrons will adjust itself to satisfy
this balance. Before Eq. (45) can be evaluated,

however, the electron temperature profile must be
found.

(45)

Because the magnetic field restricts signifi-
cant electron motion in the direction perpendicular
to the magnetic field (r') while there is no such
restriction along the field, any gradient in tem-
perature will be in the r' direction. That this is
the case is evident in Fig. 4. Furthermore, the
energy transport mechanism across the magnetic
field is expected %8 be principally conduction for
which the accepted¢¢ expression for conductivity is

(46)

Here wg is the electron cyclotron frequency given
by Eq. (5), and te is the effective electron mo-
mentum transfer collision period. For this case
where Bohm diffusion was assumed to apply it was
found that this period was effectively ]G/me.
Making use of this relation and Eq. (4) it is seen
that for conductivity to be consistent with diffu-
sivity Eq. (46) may be rewritten as

Ky =4.7n D (47)

B -

10

Using the same effective electron collision period
1o Makes the electron thermal conductivity parallel
to the magnetic field approximately 175 times the
value perpendicular to the field Ky .2

The kinetic power to and from the Maxwellian
electrons in the ion production region constitute a
distributed source of heat. The net power addition
per Maxwellian electron in the ion production region
may be defined as

(48)

P

nm vCV

(E, - E, - - E) .
in Vb EVh b

In the steady state this power must be removed by

conduction across the field lines as rapidly as it

is supplied. The conduction equation for one-

dimensional temperature gradients which describes

this condition is: ’

s . .
VOKLT) = - W (49)
Note from Eq's. (40) and (41) that the energy loss
rate terms in Eq. (48) are locally proportional to
the Maxwellian electron density n, or the primary
electron density which has a simiTar profile. The
upstream energy loss rate Ep is proportional to ny,
the electron density on the upstream surface of tRe
thruster, however, the effectively infinite con-
ductivity parallel to the magnetic field suggests
that treating it as also everywhere proportional to
ny will be acceptable. Now substituting Eq. (47)
into Eq. (49) and applying the same arguments,
assumptions and limitations considered in density
profile calculations regarding the cylindrical co-
ordinate system approximation, Eq. (49) may be
rewritten as

1 d ' d ﬁ "
N i W By (50)
Then using Eq. (18) and performing the indicated
differentiation this becomes
2 Y J (Yr') :
dTm+dTm|:_1__ 1 ']+4w -0 (51)
wZrtarLr JO(YY‘ ) .7DB
where
q/vi + T
Y = . (52)
O

Eq. (51) is not amenable to analytic solution,
but for Yr' < 2.4 gives a numerical solution similar
to the parabola

0. 17w 2
Talr') = Tn,™ @ [ 4.70, ] rt (53)

where Ty is the value of Maxwellian electron tem-
perture alone the thruster axis. Recalling that
the diffusion coefficient varies inversely with mag-
netic flux density (Eq. 4) and that the magnetic
flux density-surface area product is essentially
constant over surfaces everywhere normal to field
Tines in the ionzproduction region one can show that
the parameter r'“Dg is approximately constant along
field lines. Eq. ?53) therefore suggests that elec-
tron temperature Tm(r') is also constant along field
lines, in general agreement with the results given
in Figure 4.

To perform the energy balance of Eq. (45), the



94

average temperature Ty given by
Tk T e (54)
cv ¥

and the virtual anode temperature Tma= Tm(r'=R) are

needed. Using these relations, and the boundary
condition that

- - (

E, = My YW, 55)

the temperature Tp, may be uniquely determined.

Hence the complete one-dimensional temperature
profile can be found.

Thruster Performance

The equations presented to this point are al-
most sufficient to calculate the plasma density and
electron temperature profiles from design and
operational data. These data include the volume
and the various bounding areas of the ion produc-
tion region, the function B/By(2') which describes
the magnetic field divergence, t?e valuez f?r §9,
Asg’¢ag and bggs the functions Pj(Ep) an Q_(Tm

keeper and anode potentials Vg and V,, cathode
emission current I., propellant mass flow rate In-
and the thruster wall temperature, Ta. The remain-
ing quantity required for the analysis is the beam
current I.. It is found by integrating the Bohm

flux density over the open area of the screen grid.
If the screen grid has area ASg and open area

fraction ¢sg this is

I = {[ e ¢Sg[n+(r‘,z')+2Jf n,(r'.z")
s (56)
vB(r ) dA .
where vz is the local Bohm velocity (Eq. 22) based
on the electron temperature at the location r'.

Once the beam current has been calculated the
discharge loss o, {(eV/ion) and the propellant uti-
lization n can bg found. The equation used here
for calculating Pp,

P = ’
2] IB
neglects keeper power since keeper current is small
and was not calculated nor assumed known. Heater
powers are also neglected. Utilization is easily
calculated from

(57)

_lg

n K . (58)

Since double ions haye been considered here, the re-
sults can be compared directly with experiqental
data, and utilizations may exceed unity slightly.

Calculations

Analytical solution of the system of equations
described is quite tedious, especially when trying
to obtain plasma properties and peformance from
operating and design data. The inverse problem of

n

finding, say, the discharge current or cathode
emission required to sustain a given set of plasma
properties is much easier. To solve the former
problem a computer code has been written which con-
verges to the required plasma properties using a
two-step iterative procedure. First, because the
equations connected with density profile calcula-
tion are far less sensitive to temperature errors
than temperature equations are to density errors,
Maxwellian electron temperature is guessed, and a
consistent solution for the various densities is
obtained. The energy balance is then performed
leading to a better estimate of Tp. The process
then repeats until both sets are simultaneously
satisfied to a specified accuracy. Two percent has
been used successfully, requiring often only a few
(~v2-5) iterations on the Maxwellian temperature.
By varying I. and the discharge voltage V5 about
nominal valués while holding the other parameters
constant, it is possible to generate performance
curves (P vs n) similar to those measured on

operating thrusters.

As an example of the comparison between calcu-
lated and measured values, Figs. 10 and 11 compare
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Figure 10. Comparison of (a) calculated
with (b) measured Maxwellian
electron density for the SERT II
thruster operating at 1.7 A,
37.2 V and .307 Aeq propeliant
mass flow rate.
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peters'? SERT II measurements with the computed
profiles of n_and T_ for the same operating
conditions. Tabl® 11 lists other calculated
values and the corresponding measurements (in
parenthesis) for several thrusters. Fig. 12 shows
calculated and measured performance curves for 1
those same thrusters. Data are from Knauer et al
(axial field), Peters® (SERT II) and RawlinZ3

(30 cm).

Considering -the gross approximations which have
been made, the agreement seen in Table II is fairly
good except for Maxwellian electron properties in
the 30 cm thruster case considered. The poorer
agreement in this case is believed to be the result
of the very strong magnetic field divergence in
that thruster which apparently exceeds the applica-
bility of the cylindrical geometry assumption in the

r' variation of B in that thruster is also substan-
tial. These variances not withstanding, the calcu-
Jated performance curves of Fig. 12 agree well with
the measured ones.

& o IMEASURED equations which model the transport processes. The
VALUE

500 r
SERT - o AXIAL FIELD
400} © CALCULATION a | O CALCULATION
3 UNPUBLISHED CSU o D REF |
5 300 DATA |
3 o of o
>
= 200F o F als]
ot [=} g o ng
- 000
< 100t -
z’; 1 L — L 1 L 1 1 1 J
0 L PR
S .
w 500r r
Y SERT - IT WITH HIGH PERVEANCE 30 em
% a0l DISHED GRIDS | O CALCULATION
§ O CALCULATION 0 REF 23
& 300} O REF 4 -
oo g o 00805 ’ ép
200} o -
o o O GP
100
SV y ' L

o 1 1 1 1 1 -
. . 03 04 05 06 0.7 08 09 10 03 04 05 06 07 08 09 1.0
Figure 11. Comparison of (a) calculated UTILIZATION, n

with (b) measured Maxwellian
electron temperature for the

SERT II thruster operating at Figure 12. Comparison of calculated
1.7 A, 32.7 V and .307 Aeq performance with measurement
propellant mass flow rate. for several thrusters.

Table II

Comparison of Calculated with Observed (in parentheses)
Parameter Values for Several Thrusters

SERT-11

Thruster SERT-11 HPD Grids Axial Field 30 cm

I, (A) .260 (.258) .640 (.654)  .267 (.268) 2.1 (2.0)
Tng (ev) 7.29 (9) 7.7 (9) 5.77 (7) 2.0 (2.5)
T (eV) 6.4 (6) 6.7 (7.1) 4.8 (5) 1.6 (2.5) -
n; (m-3x10-16) 8.8 (8)  17.3 (23) 8.3 (9) 63 (19)

12



Conclusions

The processes which appear to control the dis-
charge of a mercury ion thruster have been related
to plasma properties and thruster performance. A
computer code which solves that set of equations
gives results that agree reasonably well with mea-
surements. Based on the success of that model the
following conclusions are drawn:

1. The region of prime importance to ion thruster
operation is the ion production region. Virtually
all important processes occur within or at the
surfaces of that control volume.

2. The innermost field line to intersect the anode
has a surface of revolution which is in effect a
virtual anode. Electrons which diffuse across this
surface are collected from a layer approximately
one average electron Larmor radius thick. Electron
collection from that layer appears to govern plasma
potential relative to anode potential.

3. Electrons diffuse across the magnetic field of
the ion production region essentially according to
the Bohm diffusion model. They appear to be
virtually unrestricted in their motion along the
magnetic field lines.

4. The plasma density in the ion production region
is determined by equating the production and loss
rates of ions. Production is principally by elec-
tron - atom collisions for single ions and electron-
ion collisions for double jons. 1Ions are lost as a
result of migration at the local Bohm velocity
across the boundaries of the ion production region.
Density profiles for charged particles are governed
by cross-field diffusion of electrons and by the

divergence drift force for divergent field thrusters.

5. Maxwellian electron temperature is that required
to satisfy abasic energy balance which involves
kinetic energy supplied by the primary electrons and
lost to inelastic collisions and by convection
across the boundaries of the control volume.
port of this energy across the magnetic field
appears to be described adequately by a classical
conductive process wherein the effective collision
frequency is one sixteenth the electron cyclotron
frequency. The temperature profiles across the
magnetic field are governed by this conduction
process. Maxwellian electron temperatures are
nearly constant along magnetic field lines.

Trans-

6. It is possible to approximate plasma property
and performance data using only controllable
parameters and thruster configuration data. Per-
formance curves generated using the model agree
with measured curves.
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STUDIES ON AN EXPERIMENTAL QUARTZ TUBE HOLLOW CATHODE*

Daniel E. Siegfried and Paul J. Wilbur
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Fort Collins, Colorado

Abstract:

An experimental investigation is described in
which a special quartz tube, hollow cathode was
operated in a test fixture which allowed the simul-
taneous measurement of internal cathode pressure,
insert temperature profiles, and the emission cur-
rents from various cathode components as a function
of discharge current and propellant (mercury) mass
flow rate for a number of different cathode orifice
djameters. The experimental set up included the
capability of rapid, in vacuo variation of the in-
ternal cathode pressure and the orifice diameter.
These capabilities were considered necessary to
eliminate insert surface condition changes which
could occur with time or exposure to air. The re-
sults include an empirical correlation of the in-
ternal pressure, mass flow rate, and orifice
diameter with the cathode emission current; as well
as, the effects of each of these parameters on the
insert temperature profile and the emission current
distribution. The results show that the insert tem-
perature profile is essentially independent of
orifice diameter but depends strongly on internal
cathode pressure and emission current. It is shown
that for normal cathode operation ~ 87% of the emis-
sion current is from the insert while only ~ 10%
comes from the orifice plate. By using a special
segmented insert, the emission region of the insert
is shown to be localized on the last few millimeters
at the downstream end of the insert. The product
of internal cathode pressure and insert diameter is
shown to be important in determining the emission
location and the minimum keeper voltage. The simul-
taneous measurement of local insert temperature and
emission current allow the calculation of the
average effective work function for various segments
of the insert. The results support earlier work
indicating that field-enhanced, thermionic emission
is the most probable candidate for the emission
mechanism for this type of hollow cathode. The
results are discussed as they apply to the design
of hollow cathodes for thrusters.

Introduction

The orificed mercury hollow cathodes used in
electron bombardment thrusters are critical compo-
nents in the thruster design from both a lifetime
and a performance viewpoint. One long term goal of
hollow cathode research, both by the present authors
and other researchers in the field, has been the
thorough understanding of the physical phenomena in-
volved in hollow cathode operation leading ultimate-
1y to the development of an analytical model to pre-
dict cathode performance. This goal has proven
elusive. A number of models of various kinds of
hollow cathodes have been proposed. These models
have shed 1ight on various aspects of cathode
physics but have not proved wholly satisfactory, or
capable of providing a fully self-consistent ex-
p]anatio? of cathode operation. Ferreira and
Delcroix' recently proposed a theoretical model for

* York performed under NASA Grant NGR-06-002-112.

Copyright© American Institute of Aeronautics and
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tubular (non-orificed) hollow cathodes which corre-
lates well with experimental data but requires the
knowledge of the emitting surface temperature pro-
file as input. Using this profile as input is
generally unsatisfactory, however, both because the
profile is usually not known and because the results
are extremely sensitgve to these tewperatures.
Bessh‘ng,2 Krishnan,” and Siegfried™ have all pre-
sented models which correlated various aspects of
cathode operation with experimental data and led to
a better understanding of certain hollow cathode
phenomena. This is all to suggest that the search
for physical understanding and analytical rigor
continues; and that, both the practical matter of
designing hollow cathodes for thrusters and the ul-
timate goal of developing a fully self-consistent
model to predict cathode performance are dependent
on gaining additional experimental evidence about
hollow cathode operation.

The objective of this study has been to de-
termine precisely where the emmission takes place
in the hollow cathode and what operating parameters
are important in determining hollow cathode oper-
ating characteristics. This experimental investiga-
tion relies heavily on the use of a special quartz
tube, hollow cathode mounted in a test fixture
which allows the simultaneous measurement of in-
ternal pressure, insert temperature profiles, and
the emission currents from various cathode components
as a function of discharge current and propellant
mass flow rate for a number of different cathode
orifice diameters. The results of these measure-
ments will be presented and discussed as they per-
tain to an understanding of the basic cathode
phenomena and to the design of hollow cathodes for
thrusters.

Apparatus and Procedure

Cathode

In order to isolate the insert electrically
and to provide for direct visual observation of the
insert, a special cathode was constructed using a
quartz body tube in the manner suggested by Fig. 1.

ELECTRICAL
FEED

MANOME TER
QUARTZ HEATER —

SPACER —

TANTAL

ANODE um
ORIFICE PLATE /

Fig. 1

Hollow cathode test configuration.



The cathode consisted of a quartz tube 6.3 mm OD x
4.0 mm ID covered on the downstream end with an
orifice place. The end of the quartz tube and the
back of the orifice plate were both ground flate to
facilitate a good seal between them. The plate was
held tight against the tube by a tensioning device
which also acted as the keeper electrode. This
electrode had an orifice diameter of 3.6 mm and was
separated from the orifice plate by a 2.5 mm thick
quartz spacer as shown in Fig. 1. Although pre-
liminary testing was conducted using the orifice
plate shown in the figure, most of the data pre-
sented in this paper were collected using the
orifice plate/valve assembly shown in Fig. 2.

¢

SLIDE VALVE WITH THREE
ORIFICE DIAMETERS (0.51, 0.79, LOmm)

VALVE BODY WITH
—{le mm ORIFICE
|_HOLDER FOR

- KEEPER-SPACER

-

L_L__;

LEAF SPRING (TYP)

Fig. 2 View of downstream side of orifice
plate/valve assembly.

This assembly consisted of a tantalum body ground
flat on both sides having an orifice diameter of
1.6 mm drilled through it together with a sliding
orifice plate. This tantalum orifice slide, also
ground smooth and flat, had three orifices with
diameters of 0.51, 0.79, and 1.0 mm drilled through
it. A pair of leaf springs held the slide in con-
tact with the downstream side of the body. By
moving the slide to match different slide orifices
with the body hole, one could change the cathode
orifice diameter quickly without the necessity of
opening the bell jar and exposing the insert to the
atmosphere. During cathode operation the orifice
diameter was changed incrementally by turning off
the discharge and moving the slide to change from
one diameter orifice to another. It was also pos-
sible, by moving the slide through a short distance,
to change the orifice area continuously without
having to shut off the discharge. For some tests
this latter mode of operation was preferred.

The quartz tube was covered on the outside by
a wire heater wrapped in a serpentine pattern, which
was in turn covered on both its interior and ex-
terior surfaces by a tantalum foil radiation shield.
The heater covered ~ 75% of the perimeter of the
quartz tubing allowing a longitudinal gap along one
side of the cathode through which the insert could
be viewed. The insert, which was 3.9 mmindiameter,
was constructed of 0,025 mm tantalum foil coated
with chemical R-500.* It was placed in the quartz
body in such a way that it presented a single layer
thickness in the viewing direction. Its

* J. R. Baker Chemical Co., Phillipsburg,
New Jersey.
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construction will be discussed in greater detail
later. The cathode assembly was mounted in the
su$port structure shown in Fig. 1. The anode was a
cylinder 6 ¢m in diameter and 8 c¢m long, made from
perforated metal sheet. The stainless steel support
structure shown in Fig. 1 included a plenum chamber
with removable covers on both the top and the up-
stream end. The inside of the chamber was fitted
with a wire heater to prevent mercury condensation.
The top cover was fitted with five electrical
feedthroughs which could be used to make electrical
connections to the inside of the cathode such as

the one to the insert shown in Fig. 1. The rear
plate contained a tapered hole which was used as a
throttle valve seat and another straight hole which
accepted the pressure tap of a U-tube monometer.

The needle of the throttle valve was made of a piece
of tapered quartz tubing which could be moved
axially to vent a portion of the mercury propellant
into the bell jar. This allowed rapid adjustment of
the pressure in the plenum chamber without requiring
an adjustment of the mercury vaporizer heater.

Most of the cathode current data in this paper
will be presented as total emission current, If,
which is the sum of the keeper current, Iy, and the
anode current, Ip. It was found that, for a given
emission current the keeper current, Ix had a neg-
ligible effect on the insert temperatures and the
internal pressure (over the range of interest for
thruster application). For all tests the keeper
current was therefore held constant at 0.3 A. The
bell jar pressure was in the 1073 to 10-% torr
range for the tests.

Insert Construction

Earlier testing showed that insert temperatures
were very dependent on operating history and ex-
posure to the atmosphere. This was found to be
particularly important with a single layer, foil in-
sert which did not contain a significant amount of
R-500 to be released once the original surface was
depleted or contaiminated. Since the surface work
function of the insert is critically important in
determining insert temperatures as well as keeper
and discharge voltages, considerable care was taken
in the fabrication and conditioning of the inserts.
Inserts were constructed of 0.025 mm tantalum foil
15 mm long and ~ 1.75 times the perimeter of the
3.9 mm diameter mandrel around which they were
wrapped. The flat foil was first cleaned with
chlorothene and then with acetone. The three
quarter turn section which would be two layers thick
in the final insert was coated with R-500. This was
done to provide a reservoir of R-500 thereby extend-
ing the useful lifetime of the insert. The foil was
then wrapped around the mandrel and both free edges
were spot welded. The inside diameter of the insert
and the upstream side of the orifice plate were
then coated with R-500. The insert was assemblied
in the cathode with the one quater circumference
section, which was a single layer thick, positioned
where it could be viewed directly. The downstream
edge of the insert was positioned ~ 0.5 mm from the
orifice plate. The insert was conditioned by allow~
ing the cathode assembly to warm up overnite with
the cathode tube heater operating at ~ 850°C and
the mounting structure heaters at operating tempera-
ture. The cathode was started and allowed to oper=
ate at 2 to 3 A emission current until the insert
temperatures had stabilized. This required 4 to 5
hours of operation. On initial startup it was found



that the insert would operate cold (no visible radi-
ation) or would have a small hot region along or
near the downstream edge. During the break in peri-
od the temperature profile would change to what was
considered the normal operating condition for this
insert, a condition that will be shown later in the
results. Between operating periods the cathode was
maintained in a vacuum environment with the mechan-
ical pump. If the bell jar was opened it was kept
open for as short a period as possible. After the
initial break in, the cathode warmup time was a few
hours and the cathode was generally allowed to run
for an additional couple of hours before data were
collected. These precautions were sufficient to
insure that insert temperatures at a given operating
condition could be reproduced to within I 25°C
during different runs and within ¥ 10°C or less
during a single run.

Segmented Insert

A special, segmented insert was constructed in
order to determine more precisely where the emission
takes place on the insert and to correlate this with
the insert surface temperature at that location. An
insert was first constructed in the manner described
previously, and then it was cut into four 2 mm long
sections and one 7 mm long section. Each section
was connected with a lead wire to a separate feed-
through on the top cover of the cathode mounting
structure. A sketch of this segmented insert is
shown in Fig. 3. The segments were separated by
~ 0.3 mm, and the emission current for each segment
was monitored separately. The conditioning proce-
dure and precautions mentioned above in regard to
the continuous insert were also followed with this
segmented one.
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Fig. 3 Detail of segmented insert.

Pressure Measurements

The stagnation pressure in the plenum chamber
supporting the quartz cathode was sensed by a U-tube
manometer (Fig. 1) filled with Dow Corning 705 dif-
fusion pump fluid. This fluid has a vapor point at
0.5 torr of 245°C compared to 108°C for mercury.

The heater on the high pressure side of the mano-
meter maintained that column at a temperature which
prevented mercury condensation without causing the
diffusion pump fluid to boil. The manometer was
contained completely within the bell jar and thus
provided direct measurement of the pressure dif-
ference between the bell jar and the plenum chamber.
The manometer had a pressure range of 24 cm of fluid
which was equivalent to 18.2 torr.
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The fluid levels in the manometer could easily
be read to within ¥ .5 mm, which for the low specific
gravity indicating fluid was equivalent to 0.038
torr. Because of this the precision of the pressure
data is considered to be very good. However, the
heater on the high pressure column of the manometer
causes that column to be at a higher temperature
than the low pressure column. This significantly
affects the fluid density of the high pressure
column. The results presented in this reportare cor-
rected for this effect. The uncertainty associated
with this correction is estimated to be 0.25 torr
although errors as high as 1 torr are considered
possible. Unfortunately the greatest absolute error
occurs at low pressures when the two column heights
are nearly equal resulting in what could be sub-
stantial relative error at these pressures.

Throttle Valve

In order to determine whether the throttle
valve could be used to adjust the internal pressure
and, therefore, the flow rate through the cathode
orifice rapidly and without adverse experimental
effects, the following experiment was conducted.

The cathode was operated at a constant emission cur-
rent for four different flow rates into the plenum
chamber. In each case the internal cathode pressure
was maintained at a constant value by adjusting the
throttle valve. This test was performed on three
occasions and included operation with two different
orifice diameters and operation at two different
emission currents. In all cases, it was found that,
for a constant emission current and constant in-
ternal pressure, the insert temperatures remained
essentially constant regardless of the flow rate
into the plenum chamber. The total mass flow into
the plenum chamber does affect the bell jar pressure
however and, as expected, changes in total flow rate
were found to have a small effect on the discharge
and the keeper voltages.

Temperature Measurements

In all of the tests which will be described in
this paper, insert surface temperatures were meas-
ured 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 quartz tube and glass bell
jar. These effects were accounted for by cali-
brating the pyrometer against a platinum/platinum-
rhodium thermocouple. The calibration was carried
out for a sample of the tantalum foil used in making
the inserts. The material sample was spot welded
to a section of swaged heater wire and the thermo-
couple was attached to the surface of the sample.
This sample/heater assembly was then inserted into
a quartz tube and the whole apparatus was placed in
the bell jar. The surface temperature of the sample
was then measured at various heater powers using
both the thermocouple and the micro-optical pyro-
meter. All of the results contained in this report
were corrected based on the calibration curves re-
sulting from these tests.

Experimental Procedure

The purposes of the experiments which will be
reported in this paper were to determine the effects
of internal pressure, orifice diameter, and emission
current on the temperature and emission distribution



of the insert. This was done by operating the
cathode over a range of emission currents while
using the throttle valve to adjust the internal
pressure and the orifice plate slide to set the
orifice diameter. The details of the individual
experiments will be discussed in the next section
along with the results which were obtained.

Results

Pressure - Mass Flow Rate

The stagnation pressure in the plenum chamber
immediately upstream of the cathode was measured
with the manometer for emission currents of 0, 0.3,
0.5, 0.7, 1.3, 2.3, and 3.3 amps, orifice diameters
of 0.51, 0.79, and 1.00 mm, and for mass flow rates
ranging from 90 to 450 mA. The throttle valve was
closed during these tests. Fig. 4 shows the pres-
sure in torr plotted as a function of mass_flow, m,
divided by the orifice diameter squared, dg, in
mA/mm? as determined in these tests. The data for
the case where there is no discharge present follows

closely a single curve for all threeorificediameters.
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of mercury hollow cathode.

The fact that the data for this no discharge case is
not linear with respect to flow rate is not sur-
prising since pressures in the range from 0.5 torr
to 18 torr correspond to flow conditions in the
regime for transition from free molecular to con-
tinuum flow for all three of the orifice diameters.
However, the curve can be characterized by two
slopes: one at the origin and one for the straight
portion of the curve at higher flow rates. The data
for the cases where there is an emission current are
fitted with straight lines through the origin. These
straight lines fit the data sets reasonably well ex-
cept for the data at higher pressures particularly
for the smallest orifice diameter of 0.51 mm, which
shows considerable scatter. Fig. 5 plots the slope
of the straight lines in Fig. 4 as a function of
emission current. For the no discharge condition
Fig. 5 shows both the slope at the origin, 0.014
torr mm2/mA, and that for the straight section,
0.008 torr mm2/mA. Although it is a purely em-
pirical presentation of the data, Fig. 5 should
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Fig. 5 Effect of emission current on
pressure correlation coefficient.
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provide sufficient information to yield a reason-
able estimate of the stagnation pressure upstream
of the insert in a mercury hollow cathode over a
wide range of emission current, flow rate, and or-
ifice diameter conditions. It is noteworthy that
both the theoryof free molecular flowand the theory
of continuum, choked flow predict that the pressure-
mass flow relation takes the functional form
P« /Tm a'é" (1)
where T is the gas stagnation temperature at the
orifice and m is the atomic weight of the gas. This
simply represents a straight 1ine through the origin
of slope CYT/m where C is a constant of proportion-
ality which is different for the two cases (free
molecular and continuum). The gas temperature for
the no discharge case was estimated on the basis of
the plenum and cathode wall temperatures to be
n 425°C. However, in the presence of the internal
discharge the single temperature cannot adequately
describe the kinetic energy of the multi-component
gas. The situation is also complicated by the fact
that the stagnation pressure decreases and the stag-
nation temperature increases as one approaches the
orifice because of the heating effect of the dis-
charge. Presumably it is because of these effects
that the ratio (Pd3/m) increases with emission
current.

The internal cathode pressure has been found
in all of the tests tobeavery important parameter
in determining cathode operating conditions. It is
believed that the orifice diameter and the mass flow
rate are important in determining internal cathode
processes primarily to the extent that they de-
termine the internal pressure. For this reason, all
of the data presented in this paper will use the
pressure as a parameter rather than mass flow rate.
Mass flow rate through the cathode orifice at a
given condition can, however, be easily estimated
from the results shown in Fig. 5.

Insert Temperature Profiles

The effect of changes in orifice area on insert
temperatures was investigated by operating the



cathode at a constant emission current of 3.3 A and
a constant internal pressure of 3.3 torr while vary-
ing the orifice area. This was done by establish-
ing the above pressure and discharge conditions
using the 1.0 mm diameter orifice (~ 0.79 mm2) and
recording insert temperatures. The orifice slide
was then moved to close the orifice partially to
what was estimated on the basis of the pressure in-
crease to be an area of ~ 0.40 mm?. The throttle
valve was then opened to maintain the pressure at
3.3 torr and the insert temperatures were again re-
corded. This procedure was repeated for an orifice
area of ~ 0.21 mm2. The results of this experiment
are shown in Fig. 6. Both the magnitudes of the in-
sert temperatures and the insert temperature profile
are seen to be relatively insensitive to the almost
four-fold change in orifice area as long as the
emission current and pressure are held constant.
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Fig. 6 Effect of orifice area on insert

temperature profile.

This experiment was also conducted for emission
currents of 2.3 and 4.3 A on two different occasions.
In each of these tests there was a slight tendency
for the insert temperature to increase as the or-
ifice area was decreased. However, in all of these
tests the results were similar to those shown in
Fig. 4. The maximum increase in insert temperature
observed during the tests was ~ 35°C, although in
most instances it was considerably less than this.
It was interesting to note during the tests that,
although reductions in orifice diameter at constant
internal pressure did not cause a substantial in-
crease in insert temperature, they did result in a
substantial increase in orifice plate temperature.

The next parameter to be varied was the in-
ternal pressure. The cathode was operated at a
constant emission current of 3.3 A with the 0.79 mm
orifice while the internal pressure was varied from
0.90 torr to 12.7 torr. The pressure was adjusted
using the throttle valve. Fig. 7 shows that the
jnternal pressure changes cause significant change
in the insert temperatures. For example, the maxi-
mum insert temperature decreased by ~ 125°C as the
pressure was increased from 0.9 torr to 12.7 torr.

Finally, the effect of emission current on the
insert temperature profile was determined by oper-
ating the cathode with the 0.79 mm orifice at a
constant pressure of 6.3 torr while varying the
emission current from 1.3 to 4.3 A. As shown in
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Fig. 8, the temperature profiles remain similar as

the emission current is increased while the maximum
temperature increases from 720°C at 1.3 A to 1000°C
at 4.3 A.

Emission Current Distribution

Insert and orifice plate emission currents were
measured separately in all of the tests described
above. It was found that the insert contributed
approximately 85% of the total emission current
while the orifice plate contributed ~ 10%. The re-
mainder of the current can presumably be accounted

. for as ion current to the internal surfaces of the
cathode mounting structure and to other surfaces at
ground potential in the facility. The relative
fractions of the current from the insert, orifice
plate,and structure for a given operating condition
were found to be constant and very repeatable. There
were, however, definite trends in the percentage of
insert and orifice plate emission current which
could be identified with changes in discharge cur-
rent, pressure, and orifice diameter. Over the wide
range of these parameters, the fraction of emission
current from the orifice plate ranged from 3 to 12%
and the fraction of the emission current coming
from the insert ranged from 80 to 90%.



The importance of the insert in the emission
process was also demonstrated through a test in
which the insert was isolated by disconnecting it
from the .circuit during cathode operation. This
caused an immediate extinction of the discharge.
However, disconnecting the orifice plate from the
circuit showed Tittle effect on the discharge out-
side of a slight (less than one volt) increase in
discharge voltage. When the orifice plate was dis-
connected, 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 con-
sidered important. By operating with the floating
orifice plate 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.

It was considered desirable to investigate
further the effect of the above parameters on the
emission current distribution between the insert
and orifice plate and to determine more accurately
the emission current profile for the insert, In
order to do this an experiment was set up using the
same experimental configuration used for the insert
temperature measurements but incorporating the
segmented insert described earlier and shown in
Fig. 3. It was hoped that the ability to measure
insert temperatures and emission currents simul-
taneously would shed additional light on the loca-
tion and type of emission process taking place in
the cathode.

The experiments conducted with the segmented
insert were carried out in a manner similar to those
described for the temperature measurements of the
continuous insert. The pressure was controlled
using the throttle valve and the orifice diameter
was selected by moving the orifice valve slide.
Temperatures and emission currents were measured for
each insert segment and for the orifice plate assem-
bly. The temperature was measured at the center of
each of the short insert segments (Fig. 3). The
temperature of these short segments was found to be
reasonably uniform (typically a gradient of ~ 10°C
along the segment was observed). The #1 segment
was an exception and was found to have a local hot
region during most of the testing. This region,
which initially had a temperature as much as 65°C
hotter than the rest of the segment, eventually
dropped in temperature to the same value as the
rest of the segment. The temperature at the center
of each segment was considered to represent a
reasonable value of the average segment temperature
and is the one which will be presented in the re-
sults and used in later calculations of average sur-
face work function.

Figure 9 shows that at a pressure of 6.7 torr
and an orifice diameter of 0.79 mm most of the
emission comes from segment #1 of the insert. It is
also seen that the emission fraction of 0.87 for
this segment is essentially independent of total
emission current. The emission fraction of the or-
ifice plate increases rather rapidly at Tow total
emission currents changing from 0.075 at 0.8 A to
0.11 at 2.3 A. However, at emission currents over
2.3 A, the orifice plate fraction is seen to in-
crease by only 0.004 per amp of emission current.
Figure 9 shows that segment #2 of the insert con-
tributes less than 1% of the total emission current.
The results of Fig. 9 are felt to be significant
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Fig. 9 Emission current distribution in
’ a mercury hollow cathode.

because they indicate that at this moderate pressure
the emission region is localized to the downstream
end of the insert including at most the 2 mm of the
insert closest to the orifice plate, and it prob-
ably covers only a small fraction of that region.

The effect of pressure on the emission current
distribution is shown in Fig. 10 for the cathode
operating at an emission current of 7.3 A with the
0.79 mm orifice. Figure 10 shows that at pressures
over 4 or 5 torr the emission current is distributed
in essentially the same way as indicated in Fig. 9.
However, as the pressure is reduced below ~ 4 torr,
the emission current coming from the orifice plate
and the first segment is seen to decrease; and the
second segment is seen to become active in the emis-
sion process. At still lower pressures segment #3
and then #4 begin to make a small contribution to
the emission current.

Qualitative results obtained in the early
stages of this investigation suggested that the
work function and the pressure are both important
in determining the area of the insert over which
the emission takes place. Figure 11 shows tempera-
ture profiles for a cathode operating with an insert
which was believed to have a surface work function
which was somewhat higher than usual due to deple-
tion or contamination. At the high cathode pres-
sures the emission region, as indicated by the
shape of the temperature profile, was at the tip of
the insert. As the pressure was decreased the tem-
perature profile changed shape becoming flat over a
longer portion of the downstream end of the insert,
suggesting that the emission region was covering a
greater area of the insert. This is the same sort
of result seen in Fig. 10 where more of the segments
began to emit as the pressure was decreased. Situ-
ations were observed with inserts that appeared to
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depleted or contaminated insert.

be almost completely depleted of R-500 in which the
insert temperature profile changed qualitatively in
the manner indicated by the dashed lines of Fig. 11
as the pressure was decreased to very low values.
This suggests that, if the insert work function is
low enough or if the pressure is sufficiently high,
the emission will take place near the downstream
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end of the insert, but that as the pressure de-
creases and/or the work function increases the
emission region will tend to move upstream covering
more of the surface area of the insert.

The orifice diameter was also found to affect
the fractions of the emission current coming from
the insert and the orifice plate. Figure 12* shows
that as the orifice diameter is increased while
internal cathode pressure is held constant the
fraction of the emission current from the insert
segment #1 increases and that from the orifice
plate and segment #2 decreases.
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Fig. 12*

Figure 12 also shows that the effect due to orifice
diameter is rather insensitive to emission current,
at least over the range of 2.3 to 4.3 amps.

Discussion of Results

Insert

The results presented in the previous section
suggest a number of important features of orificed,
hollow cathode operation which may be useful in
cathode design. 1t was seen that the insert is
responsible for most of the emission and that under
normal operating conditions the emission is lo-
calized to the downstream end of the insert. This
suggests that insert design might be improved by
providing a surface specifically designed for
emission. The low work function material would
then be replenished by a separate dispenser or
reservoir designed to supply the material directly

* Figure 12 was incorrect as it appeared in the
original publication of this paper. The figure and
associated text have been corrected in this printing.



and specifically to the emission surface. One means
of accomplishing this would be to use an impregnated,
sintered tungsten insert which is sealed on all
outer surfaces except the last few millimeters on
the downstream end of the inside diameter. This
would force all of the R-500 to evolve through the
emission. surface.

Orifice Plate

The results showed that the important operating
parameters affecting the insert temperatures were
the surface work function, the internal pressure, and
the total emission current. The insert temperatures,
were on the other hand, found to be rather insensi-
tive to the orifice diameter. This suggests that
the main functions of the orifice are to restrict
the propellant flow in order to maintain a high
neutral density inside the cathode and to provide a
current path to the downstream discharge. The
effect of the orifice plate as an emissive surface
was seen to be minimal. It was also suggested that
one way of reducing orifice plate erosion would be
to allow the orifice plate to float with respect to
ground in order to reduce the incident energy of
the impinging ions.

It should be noted here that the orifice diam-
eter does affect the keeper and the discharge volt-
age as well as the orifice plate temperature.
Figure 13 shows the effect of orifice diameter on
keeper voltage, discharge voltage, and orifice
plate temperature for the experimental quartz tube
cathode operating at an emission current of 3.3 A
and an internal pressure of 3.2 torr. The tempera-
tures shown in the figure were measured on an outer
edge of the orifice plate/valve assembly. The re-
sults of Fig. 13 agree with evidence presented by
Crawford? which showed that a plasma sac forms on
the cathode side of a constriction in a plasma dis-
charge. This sac was found to be bounded by a
double sheath which accelerates electrons across
the sheath to sufficiently high energies so that
they can produce a dense plasma with a high ioni-
zation fraction within the constriction. Crawford
measured the potential drop across such a constric-
tion sheath in a mercury discharge tube. He found
the increase in plasma potential across the sheath
to be on the order of 10 volts and to be dependent
on the ratio of the diameter of the discharge tube
on the cathode side of the constriction to the
diameter of the constriction. In hollow cathodes
the orifice provides a discharge constriction which
would be expected to produce the type of double
sheath found by Crawford. The diameter dependence
of the potential drop across such a constriction
sheath at the hollow cathode orifice is considered
to be the probable basis for the voltage-orifice
diameter effect seen in Fig. 13.

Insert Diameter and Internal Cathode Pressure

One parameter which was not varied in this
study, which is almost certainly of importance in
the internal cashode process, is the insert diam-
eter. Krishnan® working with Targe diameter (non-
orified) argon hollow cathodes suggested that the
parameter A/d, the ratio of the energy exchange
mean free path to the cathode diameter, determines
the length of the cathode region over which the
discharge establishes itself. He presented evi-
dence to indicate that the optimum operating con-
dition was one at which A/d was approximately unity
and that this condition resulted in the site of the
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maximum emission current density locating itself
approximately_.one diameter upstream of the cathode
exit. Lidsky6 and Delcroix/ both found experiment-
ally that one criterion for the emission location
was that the local pressure-diameter product be
equal to ~ 1 torr-cm. Although the insert diameter
was not varied in the present investigation, there
was evidence that the insert diameter and specific-
ally that the pressure-insert diameter product is
of importance. This was demonstrated during some
preliminary tests of the quartz tube cathode equip-
ped with a thoriated tungsten orifice plate having
an orifice diameter of 0.51 mm with a 1.5 mm diam-
eter counterbore on the upstream side of the orifice
channel. The orifice plate disc was 6 mm in diam-
eter and 0.9 mm thick. While operating the cathode
with this stepped orifice plate it was found that
the fraction of emission current from the orifice
plate increased with increases in internal cathode
pressure in a manner similar to that shown in

Fig. 10. However, as the mass flow rate was in-
creased beyond a fairly well defined transition
point the orifice plate would begin to emit up to
99% of the emission current and the insert emission
would effectively cease. For an emission current
of a few amperes the transition occurred at a mass
flow rate of about 70 mA which was estimated to
correspond to an internal pressure of ~ 8 torr.
When the transition occurred and the orifice began
to emit, the temperature at the downstream end of
the insert would drop from 1030°C to less than
840°C while the outside edge of the orifice plate
increased in temperature from ~ 900°C to ~ 1130°C.
This transition was very consistent and repeatable,
but was seen only with this orifice plate and only
when the orifice plate was installed with the
counterbore on the upstream side. This suggests
that the upstream counterbore region was beginning
to operate as in insert at high pressures where the



counterbore diameter-pressure product was nearer
the desired operating point than the insert diam-
eter-pressure product. It was expected that a
similar transition would be seen with the orifice
plate/valve assembly shown in Fig. 2, since it had
a 1.6 mm diameter bore immediately upstream of the
smaller orifice on the stide. However, no transi-
tion was seen under any operating conditions with
the orifice plate/valve assembly. It is believed
that the reason no transition occurred in this case
was because the greater mass and surface area of
the orifice plate/valve assembly acted to
cool the orifice region below a temperature at
which it could emit.

In order to test this hypothesis regarding the
orifice temperature, an orifice plate was fabricated
from a tantalum disc ~ 10 mm in diameter and 1.0 mm
thick. This orifice plate had a 0.51 mm orifice
gith a 1.8 mm diameter counterbore that was ~0.75 mm

eep.
Operation with this orifice plate showed that a
transition between emission from the insert to
emission from the orifice plate could occur at in-
ternal cathode pressures above ~ 7 torr. However,
a transition would actually occur above this pres-
sure only if the emission current was increased
above ~ 5.0 A. An emission current of 5.0 A was
sufficient to heat the orifice plate so that it
began to glow red. Once the emission switched to
the orifice plate, the emission current could be de-
creased to a few amperes, and the emission would
continue to come from the orifice plate until the
pressure was decreased beflow ~ 7 torr. This or-
ifice plate had a thermal mass and surface area
intermediate between the thoriated tungsten orifice
plate and the orifice plate/valve assembly. The
above results, therefore, support the earlier sug-
gestion that since the thermal properties of the
orifice plate affect the surface temperature in the
orifice region, they can be a determining factor on
whether or not the emission region can establish
itself on the orifice counterbore. Additional sup-
port of this was found by covering the wall of the
orifice plate counterbore with a few layers of
0.025 mm tantalum foil. The foil, since it pre-
sented an emission surface which was not in very
good thermal contact with the orifice plate, would
presumably be able to maintain a temperature which
would be sufficient for emission. This appeared to
be the case because operation with the foil in
place allowed a repeatable transition of the emis-
sion location to occur at a pressure of 2 - 3 torr
when operating at an emission current of 3.3 A. It
should be noted that evidence of a similar transi-
tion phenomenon with a stepped orifice plate was
previously reported by Fearn.8 Fearn suggested
that the shifting of the emission region would also
account for the transition from the high-voltage
plume to the low-voltage spot mode of operation.

In the present investigation, it was found that the
so called plume-to-spot mode transition occurred
with all of the emission current coming from the
orifice plate which indicates that it is not a re-
sult of the shift in emission location.

The above tests indicate that both the pres-
sure and the emission surface diameter are important
parameters in determining the location at which the
emission process takes place. Further, testing is
needed to better quantify this effect; specifically,
it would be desirable to remove the effects associ-
ated with the thermal properties of the orifice
plate by conducting the test with an insert having

The orifice counterbore was coated with R-500.
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either a multiple or a continuously varying (such
as in a conical section) cross-section but with
uniform thermal properties. It is interesting to
note, however, that the pressure diameter-product
estimated from the tests with the stepped orifice
plate are similar to those reported by a number of
other researchers. At the pressure condition where
the emission transferred to the orifice plate, the
product of the upstream stagnation pressure and the
counterbore diameter was ~ 1.25 torr-cm in the case
of both the thoriated tungsten orifice plate and
the tantalum orifice plate. For the case of the
tantalum orifice plate having the tantalum foil in-
sert in the counterbore, the pressgre-diameter
product was ~ 0.5 torr-cm. Lidsky® determined,
based on experiments with a tubular hollow cathode
operating with a number of gases (H,, He, A, N5),
that the emission region locates itself at a point
where the local prsssure-diameter product is ~ 1
torr-cm. Delcroix/ found for similar cathodes that
the pressure-diameter product criteria was in the
range of 0.2 to 1.6 torr-cm over a very wide range
of mass flow rates. It should be stressed that the
pressure-diameter criteria referred to above are
based on the local pressure which may be consider-
ably lower than the upstream stagnation pressure.
However, it is believed to be significant that the
results for the orificed hollow cathode of the pres-
ent investigation are in approximate agreement with
those referenced above for tubular, non-orificed
cathodes. -

Discharge Voltages

One goal in the design of hollow cathodes for
thrusters has been to provide a cathode which will
operate at a minimum discharge voltage for a given
emission current. Here again a pressure-character-
istic dimension product appears important. Martin
and Rowe9 found that for a low-voltage arc operating
with noble gases between plane, parallel electrodes
that a pressure-electrode spacing productof ~ 3 torr-
¢m resulted inaminimum discharge voltage. This
agrees qualitatively with the results discussed
above concerning emission location which is presumed
to be determined ultimately by the criterion of
operation at some minimum energy condition. It also
has implications for designing cathodes to minimize
the keeper voltage. It is easy to imagine with the
orificed, hollow cathode that a number of character-
istic dimensions are of importance in minimizing the
voltage. The insert diameter is important because
the plasma potential adjacent to the insert surface
is dependent on the volume plasma processes taking
place within the boundary of the insert. As dis-
cussed previously, the orifice diameter affects the
potential drop across the orifice region; and,
finally, the keeper-orifice plate separation dis-
tance would be expected to have some effect on the
potential drop across the region between the orifice
plate and the keeper electrode. In each case the
pressure of interest would be the local pressure in
the region of the characteristic dimension. If all
of these variables are, in fact, important in de-
termining the keeper voltage, then a rather complex
experiment would be required to establish the im-
portance of the various effects. This was not done;
however, the effect on keeper voltage of varying
the internal cathode pressure was investigated.

Figure 14 shows the keeper voltage normalized
by the minimum keeper voltage plotted against the
internal pressure for the experimental cathode
operating with the 0.79 mm diameter orifice and
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3.9 mm diameter insert at a keeper current of 0.3 A
and discharge currents of 2,0 and 6.0 A, Figure 14
shows that there is a definite minimum in keeper
voltage for the 6.0 A condition at a pressure of

~ 7 torr. The 2.0 A discharge condition shows a
keeper voltage minimum at ~ 14 torr. The 2.0 A
curve in Fig. 14 shows an anomoly in the form of an
inflection point at ~ 7 torr. Data obtained with
other orifice diameters showed similar but more
definite inflection points and in some cases a
second minimum. The data of Fig. 14 were all col-
lected at approximately the same bell jar background
pressure (i.e. total mas flow rate was held constant
and the internal cathode pressure was set by adjust-
ing the throttle valve). Operation at other total
mass flow rates showed, however, that background
bell jar pressure has a significant effect on the
keeper voltage and the keeper voltage minimum.
Though not shown in the figure, the discharge volt-
age was also found to go through one or more mini-
ma as the internal pressure was varied, and all of
the comments above also hald for it. However, the
discharge voltage is characterized by the plume-to-
spot mode transition which is felt to be highly
dependent on downstream conditions? and tends to
over shadow the other effects. A1l of this suggests
that a more carefully controlled experiment is war-
ranted and that there probably is not a single keeper
voltage minimum determined exclusively by the in-
ternal cathode pressure. In fact, this is in qual-
itative agreement with the earlier discussion which
suggested that there are probably a number of
pressure-characteristic dimension products that are
important and that, depending on their relative
importance, each product could result in a separate
voltage minimum as the internal cathode pressure is
varied. The data of Fig. 14 is presented, therefore,
only as a representative case to illustrate the ex-
istence of the keeper voltage minimum and to suggest
that the pressure-insert diameter product is prob-
ably one of the important parameters. It is
interesting that the minimum condition found at

n 7 torr represents a pressure-insert diameter
product of 2.7 torr-cm which is in good agreement
with the results of Martin and Rowe? discussed
earlier.

Insert Temperatures

Insert temperatures are of crucial importance
in hollow cathode design because they affect both
the performance of the cathode and the depletion
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rate of the low work function material that it con-
tains. The results presented earlier are useful in
that they show the shape of the temperature profile
of the insert and indicate its sensitivity to such
parameters as internal pressure and emission current.
However, the magnitude of the insert temperature is
highly dependent on insert design and the thermal
configuration of the cathode itself. The thermal
configuration of the experimental quartz tube
cathode is obviously very different from that of a
standard thruster hollow cathode because the quartz
tube has a very low thermal conductivity and is more
transparent to thermal radiation than a metallic
one. An earlier experimental investigation!O used

a quartz tube cathode with a 1.9 mm diameter insert
to simulate the cathode used in the 8 cm thruster.
In this study insert temperature profiles were
measured for a multiple layer rolled foil insert and
a sintered tungsten insert under a variety of oper-
ating conditions. It was found that for each insert
the maximum insert temperature varied approximately
Tinearly with the discharge current and could be
characterized by the slope of the maximum insert
temperature verses discharge current line. It was
also found that this slope was independent of the
level of cathode heater power. For the multiple
layer, tantalum foil insertused in those tests, the
constant was 315°C/A and for the sintered tungsten
insert the constant was found to be 137°C/A. The
difference in the two constants was attributed to
the different thermal properties of the two types

of inserts. In the investigation discussed above,
it was suggested that the energy input to the insert
was effected by ion bombardment of the internal sur-
face of the insert and the major energy loss was in
the form of thermal radiation between the outer sur-
face of the insert and the cathode body. Based on
these assumptions, a parameter was defined which was
common to both the experimental quartz cathode and
the actual cathode used in the 8 cm thruster. The
det?als of this, which have been presented previous-
1y,'¥ will not be repeated here except to note that
once the insert constant is known it should be
feasible to define a parameter which bridges the

gap between the experimental quartz cathode and the
cathode which is being modelled.

In the case of the present investigation,
Fig. 15 shows the variation of maximum insert tem-
perature as a function of emission current for the
cathode operating at a pressure near 6.5 torr with
the 0.79 mm orifice. Although the data does not fit
a straight Tine over the full range of emission cur-
rent, there is a straight line portion of the curve
over most of the range which can be characterized
by a slope of ~ 73°C/A. The data of Fig. 15 indi-
cated by the square symbols were obtained using the
segmented insert. The temperatures represented by
these data were from the center of segment #1 and
are believed to be a good estimate of the bulk
average temperature of that insert segment. It is
interesting to note that the data in Fig. 15 for
both the continuous and segmented insert fall very
close together. This suggests that segmenting the
insert did not alter its thermal and emission
characteristics. Considering the usual cathode
sensitivity to variations in insert conditions this
condition is considered at least in part fortuitous.
However, this result does tend to support the sug-
gestion that the energy is transported primarily by
radiation in the radial direction for this relative-
1y thin (~ 1.75 layer of 0.025 mm foil) insert,
rather than by conduction in the axial direction.
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The effect of internal pressure on the maximum
insert temperature can be presented in a manner
similar to that described above where the effect of
emission current was considered. Figure 16 shows
the maximum insert temperature as a function of in-
ternal pressure for the cathode with a 0.79 mm or-
ifice operating at an emission current of 3.3 A.
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Again the data from both the continuous insert and
the segmented insert follow the same curve. Over a
wide range of pressures a straight line provides a
good fit to the data. In this case the slope of the
insert temperature verses internal pressure line

is - 7°C/torr.

The Emission Mechanism

Evidence yrovided from a number of experimental
investigations!s 2, 4 has suggested that the emis-
sion mechanism for this type of hollow cathode is
that of field-enhanced, thermionic emission. This
experimental investigation has suggested a physical
location for the emission site at the downstream end
of the insert. With the test apparatus used for
this work, it has been possible to measure both the
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insert surface temperature and the current to a
segment of the insert at a given location. For the
first time this allows a reasonably accurate esti-
mate of the effective work function for the emission
surface of the hollow cathode. For field-enhanced,
thermionic emission the current density can be cal-
culated using the Schottky equation

e
. 2 -}
J=A, TS exp [ kTs ] (2)

where Ay = 120 A/cm?K, Ts is the Tocal insert sur-
face temperature in °K, §g is the effective work
function of the emitting surface in volts, e is the
electronic charge in coulombs, and k is Boltzmann's
constant. The effective work function is defined
by the expression

Eé = ¢ - VeE/4nep . (3)

Here ¢ is the surface work function associated
with tﬁe material, E is the electric field adjacent
to the emitting surface in volts per meter,and gy is
the permittivity of free space in farads per meter.
Eq. 3 shows that the effect of a strong electric
field adjacent to the emission surface is to reduce
the effective work function of the surface, that is
it acts to pull more electrons from the surface than
would be expected from the thermionic model for the
prevailing temperature. Since the temperature, the
surface area, and the current are known for each
segment, Eq. 3 can be used to calculate the average
effective work function for each segment. It should
be recognized this assumes that all of the measured
current from each segment is due to electron emis-
sion; and therefore it ignores the fact that a
portion of the apparent emission current is actually
due to a positive ion current to the segment. The
effect of the ion current should, however, be small.
The average effective work function has been calcu-
lated based on this assumption for the first two
segments of the segmented insert. Figure 17* shows
this effective work function plotted against in-
ternal pressure for the cathode operating at 3.3 A
with the 0.79 mm orifice. Figure 17 shows that the
average effective work function for the emitting
surfaces is in the range of 1.7 to 2.0 volts.
Material work functions with values this low are
reasonable for tantalum surfaces coated with R-500,
so the emission could be due to thermionic emission
alone. However, Fig. 17 also shows that the average
effective work function of segment #1 decreases as
the internal pressure is increased and this suggests
it is affected by the electric field. The probable
mechanism for this can be seen by noting that as the
internal pressure is increased the neutral density
and, therefore, the plasma density both increase.

An increase in the plasma density would effect a
decrease of the sheath thickness and lead to larger
electric fields at the insert surface. As indicated
by Eq. 3, an increase in the electric field strength
would decrease the effective work function. Such a
decrease in the effective work function resulting
from increases in internal pressure are also in
agreement with the results of Fig. 16. As the
cathode pressure is increased, the maximum insert
temperature can decrease by 7°C/torr for a given
emission current because of increased electric field
strength which acts to enhance the electron emission.

11 * Figure 17 was incorrect as it appeared in the

original publication. The figure and associated
text have been corrected in this printing.
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The electric field strength at the surface of
the cathode can be estimated on the basis of Child's
law considerations as

<

C

(4)

g2
<
W

o

where V. is the cathode drop at the sheath and ip
is the th1ckness of the sheath. The sheath thick-
ness is assumed to be one Debye length and can be
calculated as =

€

. (5)

where T, and ne are the electron temperature (°K)
and density (m=3) at the location where the field
is to be calculated. In an earlier experimental
investigation,® Langmuir probes were used to meas-
ure the plasma properties a few millimeters up-
stream of the orifice plate of a mercury hollow
cathode operating at an emission current of 2.3 A.
Using the results of that experiment together with
Egs. 4 and 5 to calculate the electric field ad-
jacent to the downstream end of the insert, the
field at the insert surface is estimated to be

4.8 x 107 V/m. Based on Eq. 3 this would be
equivalent to a decrease in the surface work func-
tion of 0.26 volts over the case where there was no
field. This effect is of the right order of mag-
nitude to explain the results of Fig. 17. If it is
assumed that by doubling the pressure the plasma
density is also doubled, then Eqs. 4 and 5 show
that the electric field w guld be expected to in-
crease by g factor of (2)% and the factor

(e E/4neg)% would, therefore, increase by (2)%.
for the sixfold increase in pressure shown in
Fig. 17, it is easy to imagine that the effect of
the electric field on the work function would in-
crease from 0.26 to (0.26)(6)% or 0.41 v.

So
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It is interesting to compare this result with
that shown in Fig. 17 for segment #1. For example,
assume that at the 2 torr condition the effect of
the electric field on the average effective work
function was 0.26 volts. Then according to Eq. 3
(¢s = T + 0.26), the surface work function at that
cond1t1on would be ¢ = 2.13 v, since $é1s equal to
n 1.87 volts. Assumlng that the sixfold increase
in pressure from 2 to 12 torr results in an effec-
tive work function reduction of 0.41 v due to the
electric field as suggested above, then the average
effective work function at the 12 torr condition
would be expected to be1.72 volts (7, 2.13-041).
This is in good agreement with ghe value shown
in Fig. 17 for segment #1 at a pressure of 12 torr.
The results of Fig. 17 for segment #2 are also in
qualitative agreement with the theory of field-
enhanced, thermionic emission. Both the plasma and
the plasma density are known!s 4 to fall off rapidly
with distance upstream of the emission region. This
drop off would result in a marked decrease in the
electric field as one moves upstream along the in-
sert, and this would in turn result in a higher
average effective work function for the segments of
the insert upstream of the first segment. This sort
of effect is indicated by the results of Fig. 17 for
segment #2. The results discussed above are felt to
provide significant additional evidence that field-
enhanced, thermionic emission is the primary emis-
sion mechanism in orificed, mercury hollow cathodes.

Conclusions

In the normal operating condition, 80 to 90% of
the emission current from a mercury 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 main-
tain a high neutral density inside the cathode and
as a current path to the downstream discharge. How-
ever, the orifice diameter does affect the keeper
voltage, the discharge voltage, and the orifice
plate temperature, all of which decrease as the or-
ifice diameter is increased.

The insert emission region is localized on the
last few millimeters at the downstream end of the
hollow, cylindrical insert. The emission region
tends to extend upstream along the insert as the
internal cathode pressure is reduced or the surface
work function is increased. Field-enhanced, therm-
jonic emission can account for the total emission
current. The surface work function of the insert
is estimated to be ~2.13volts; and the effect of
the electric field acts to substantially reduce
this by a few tenths of a volt. Increases in inter-
nal cathode pressure cause the electric field ad-
jacent to the insert surface to increase and, there-
by, cause a decrease in the average effective work
function of the emission surface.

The insert temperatures are essentially in-
dependent of the orifice diameter, but highly de-
pendent on surface work function, internal cathode
pressure, and emission current. Insert tempera-
tures tend to vary linearly with internal cathode
pressure and emission current over a wide range of
conditions. The insert can be characterized by
the coefficients describing these varations. In
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the case of the insert used in these tests, the 10. Siegfried, D., "Hollow Cathode Studies,"
effect of emission current can be characterized by appears in "Mercury Ion Thruster Research - 1978,"
a coefficient of 73°C/A and the effect of internal NASA CR-159485, December 1978, pp. 7-37.

cathode pressure by - 7°C/torr. These insert co-

efficients from the experimental quartz cathode

can probably be applied to model the insert tem-

perature of an actual thruster cathode by the

careful selection of a parameter which bridges the

gap between the thermal properties of the experi-

mental quartz cathode and the cathode being

modelled.

The internal cathode pressure and the insert
diameter are important parameters affecting the
location of the emission region and the keeper
voltage of the hollow cathode. The emission tends
to occur at a point where the local pressure-
emission surface diameter product achieves an opti-
mum value. The results of this investigation are
in general agreement with those of other research-
ers who have suggested that thisoptimum value is
~ 1 torr-centimeter. The keeper voltage passes
through at least a single minimum as the internal
pressure is increased from a very small value. An
internal pressure-insert diameter product of a few
torr-centimeters is estimated to be a criterion
for the realization of a minimum keeper voltage.
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ELECTRON DIFFUSION THROUGH THE BAFFLE APERTURE
OF A HOLLOW CATHODE THRUSTER

John R. Brophy** and Paul J. Nﬂbur+
Colorado State University

Fort Collins, Colorado

Abstract

A mathematical model relating the baffle
aperture area of a hollow cathode thruster to the
magnetic flux density and plasma properties in the
aperture region is developed. The results of the
developments considering both Classical and Bohm
diffusion theories, is presented. The diffusion
coefficient determined experimentally from Langmuir
probe trace data indicates that the Bohm diffusion
theory can be used to predict the diffusion co-
efficient in the aperture region provided a con-
stant correction factor equal to 2.6 is used. The
classical theory typically underestimated the dif-
fusion coefficients by an order of magnitude. A
number of assumptions were made to simplify the
baffle aperture model so that it could be used as
an aid in thruster design. Extensive Langmuir
probing was undertaken to verify the validity of
the simplified model. The results show that the
model can be used to calculate the aperture area
required to effect discharge operation at a
specified discharge voltage and arc current. The
dominate force driving the electrons through the
baffle aperture was seen to be the force due to
the electric potential gradient. This force being
approximately four times the force due to the elec-
tron density gradient. The results also show that
the value of the electric potential difference
through the aperture can be approximated by the
difference between the arc voltage and the keeper
voltage, and that this difference is equal to the
primary electron energy in eV.

Nomenclature
ABaf Baffle aperture open area
(Ag2¢) Bohm Calculated aperture area using

Bohm model.

Calculated aperture area using
Classical model.

B Magnetic flux density

(ABaf) Classical

Electron diffusivity tensor

D, Coefficient for electron diffusion
across magnetic field lines
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** Research Assistant, Department of Mechanical
Engineering.

* Professor, Department of Mechanical Engineering,
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Introduction

The use of a hollow cathode in place of an
oxide cathode to increase thruster operating life-
times requires among other things the addition of
a baffle to restrict the flow of electrons from
the hollow cathode.
two distinct regions;1,6,9 1) the plasma outside
the hollow cathode but inside the cathode pole
piece/baffle assembly, which will be called the
cathode region plasma, and 2) the plasma in the
main discharge region. It is well known that for
proper thruster operation the discharge voltage
must lie within a relatively narrow range. For
example a hollow cathode mercury jon thruster would
typically operate in the 30 to 40 volt range. The
creation of primary electrons is accomplished by
accelerating the electrons from the cathode region
plasma into the main discharge region through a
potential sheath of approximately this magnitude
occurring in the proximity of the baffle aperture.
The aperture impedence, which might be defined as
the ratio of the potential rise across this sheath
to the-current through the ape{ture, is primarily
a function of three variables;!»2,4,5,9 "1) the
physical dimensions of the aperture, 2) the
strength and shape of the magnetic field across the
aperture and 3) the neutral density (the ion den-
sity is also important but to a lesser extent).

In the past the design and optimization of
the cathode pole piece/baffle assembly has been
done by physically_performing a number of para-
metric variations.1,2,3,6 This procedure is both
time consuming and expensive; therefore, it is
desirable to minimize the number of variations re-
quired. The objective of this study has been to
develop a theoretical model, relating the aperture
impedence to the variables listed above, with the
result that this model could be used as an aid in
thruster design. Extensive Langmuir probing was
undertaken to verify the validity of the model and
demonstrate its capability.

Theory and Analysis

Cathode Region Plasma

The cathode region plasma has properties
similar to the plasma created when a hollow cathode
is operated in a diode configuration in the spot
mode.! Throughout most of the cathode region
(except in the vicinity of the aperture) the plasma
potential is approximately constant and the Max-
wel]ian electron temperature is about 1 or 2
eV. 17,11 According to wells9 the current ini-
tially flows from the cathode in a 30° diverging
plume and is driven by the density gradients caused
by the plasma flow from the hollow cathode. The
plasma conductivity near the cathode is classical.
At distances nearing the baffle the axial component
of current becomes substantially reduced. Through
the baffle aperture the plasma potential and
electron energy rise sharply to approximately
their main discharge region values. It is in this
region that plasma heating occurs and primary elec-
trons are created.

Electron Diffusion

In a properly designed thruster two fields
exist in the aperture region which influence the

This separates the plasma into

electron diffusion process there. Oriented across
the aperture is a magnetic field and normal to it
through the aperture is a steady electric field.

The electrons must diffuse across the magnetic field
lTines to form the discharge current. Due to the low
thermal energy of the Maxwellian electrons orgi-
nating from the cathode region plasma the initial
penetration of the electrons into the region of
significant magnetic flux density will be on the
average small (this can be_approximated from the
analysis given by Robinson ? Under the influence
of the crossed electric and magnetic fields the
electron motion may be separated into three parts.
One is the helical motion about the magnetic field
lines or guiding centers, the second is the drift

in the E x B direction, and the third is the net
motion of the guilding centers across the magnetic
field lines due to momentum exchange collisions. It
is this third motion, that of the diffusion of elec-
trons across the field lines that results in the
discharge current. Throughout the following
analysis the effect of the non-Maxwellian electron
energy distribution in the baffle aperture will be
neglected. The diffusion process through the
aperture may ge modeled as suggested by Kaufman

and Robinsonl3 as

L= n.%V - DVn (1)

where I' represents the electron flux vector, D and
u are tensors which describe the diffusivity and
mobility of the electrons respectively, V is the
plasma potential and n is the electron number
density. Inerder to describe the polepiece geometry
shown in Figure 1 a cylindrical coordinate system
was used. The magnetic field through the aperture
will be approximately parallel to the axis of sym-
metry of the pole piece. This line of symmetry will
be taken as the Z-axis. The electric field is
normal to this and directed through the aperture in
the radial direction. Since the direction of cur-
rent flow through the aperture is normal to the
magnetic field lines,” Equation (1) may be written
in one dimension as,

dv dn
E=myq-0g - (2)

<

MAIN DISCHARGE
REGION PROBE

SOLENOID

CATHODE POLE PIECE)

Fig. 1 Cathode pole piece/magnetic

baffle assembly. :

The electron flux Ilis related to the currént density
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J by, J
L =3 (3)
‘Assuming the Einstein relation,
uo= %T D (4)
to be valid we can combine Eqs. (2), (3) and (4)
to obtain
= en dv dn
el F e ()

This equation relates the current density through
the aperture to the coefficient for diffusion
normal to the magnetic field lines and the plasma

parameters in this region. The c]assic?l diffu-
sion coefficient for Maxwellian electrons'® is
given by
D - kT V¢ (6)
Classical M, v+ wé

where ve is the electron momentum exchange colli-
son frequency and Mgy is the electron mass. The elec-
tron ‘cyclotron frequency wpg is given by
B

e

m

(7)

=

“g

where B is the magnetic flux density. For the
magnetic field strengths and densities in the
aperture region it was found that,
V]
B >> ]
v
c

therefore we may neglect v relative to wé in
Equation (6) and write

(8)

kTMevC
e2B?

(9)

DC]assica] f

which yields the familiar result that the classical
diffusion coefficient varies as B-2. However it
has been found that a diffusion coefficient propor-
tional to_B-! gives better results in an ion
thruster.15 T is diffusion coefficient first pro-
posed by Bohm'® may be written as,

kT

Dgohm ~ T6eB

(10)

Since this expression is uncertain to a factor of
2 or 3 it will be written as,

kT
Dgohm = =T6eB (1)

where o is a constant correction factor. In order
to decide whether Classical or Bohm diffusion is
applicable in the baffle aperture region Equation
(5§ can be solved for the diffusion coefficient to
yield,

e2n dv dn

e —— = @

Bh=Jd i ar " ®dr

(12)

Comparison of diffusion coefficients determined
using measured plasma conditions with this equation
and using the predictions of Equations (9) and (10)
will enable the determination of the most appropri-
ate diffusion model for the aperture region.

In order to apply Equation (12) it was found
convenient to make a number of simplifications to
facilitate calculation of many of the terms. For
example the derivatives were approximated from the
probe trace data as the slope of the line between
the plasma potentials and densities in the cathode
region and those in the main discharge region.
Equation (12) can then be used in the form,

I eZ"Avg AV An i
D, = 77— = - e = (13)
L ABaf kTAvg Ar Ar

Figure 2 shows the variation in plasma potential
through the baffle aperture for a typical test case.
The dashed 1line represents the approximation aV/ar
of the derivative dV¥/dr. The approximation is seen
to be fairly good and is typical of the results
obtained for other test conditions. At very low
magnetic flux densities {Jess than ~20x10-% tesla)
in the aperture this method tends to overestimate
the value of the derivative and this artificially
Jowers the calculated diffusion coefficient slightly.
This is not a serious problem however since the
magnetic field in the aperture of a normally opera-
ting thruster is generally well above this value.

50
Ar ———-I
40}
z
3
2z
]
< 301
-
&
§ B = 59 gauss
- hm = 500 mA EQ
5’ 20 ¢ = I00mA EQ
< w= .02 cm
-y
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W
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O 1 1 i 1 1 J
(o] 0.5 [K¢] 1.5 20 25 30
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Fig. 2 Typical variation of plasma
potential through the baffle
aperture.

A similar type of approximation was made for the
electron density variation. Plasma property profiles,
Tike the one shown in Fig.2, wereobtained by moving a
Langmuir probe through the aperture region. This
required a large number Langmuir probe traces while
calculation of the gradients for Equation (13) re-
quired only that the differences in plasma proper-
ties measured on either side of the aperture be
divided by the term ar shown in Figure 2. Such an
approximation enables the experimenter to obtain
satisfactory results with only two Langmuir probe
measurements at each operating condition. The
quantity Ar represents physically the thickness of
the plasma sheath in the aperture region through
which the electrons are accelerated. It is the
distance from the point where the magnetic flux
density begins to rise dramatically in the
cathode discharge region to the critical field
line which carries the electrons into the
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main discharge region. Figure 3 shows the magnetic
flux density variation through a typical aperture.

100

w=102¢m 14® 100mp, Igs¢ =Bomp
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1g= 4amp, [gar = Bamp
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MAGNETIC FLUX DENSITY (x!0~* TESLA)

-
&
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POSITION (cm)
Fig. 3. Magnetic flux density variations

through the baffle aperture.

The data, of which both Figures 2 and 3 are ex-
amples, suggested that this distance aAr could be
approximated with reasonable accuracy as the
aperture gap dimension w. This approximation was
therefore used in the analysis of most of the data.
The current through the baffle aperture, I, re-
quired in Equation (13) is simply the arc current
minus the beam current, :

I =1

-1 (14)

Beam

The temperature through the aperture while not
being constant was nevertheless approximated by
an average temperature which attempts to account
for the energy of the primary electrons, i.e.,

e

+¢ E
+(9 TMain' k p)

Cathode 10

2

where Te.ihode 2™ TMain

tron temperatures in the cathode and main discharge
regions respectively, and Ep is the primary elec-
tron energy. The electron density in the aperture
was taken to be the average density measured by

the two probes, nAvg‘

T

(15)

are the Maxwellian elec-

TAvg

Baffle Aperture Model

An expression relating the aperture area to
the magnetic flux density and plasma properties in
the aperture will now be derived. The development
can be based on either the Classical or Bohm diffu-
sion models, and because both developments are
similar only the one using the Bohm diffusion co-
efficient will be given here. Substituting the
expression for Bohm diffusion into Equation (5)
yields,

J = E%%EE E;ﬂ %% -e %%] (16)
This expression can be rearranged to obtain
16a JB dr = nedV - kT dn (17)
Integration of this equation over the aperture
potential sheath gives, i
16 [ JBdr =e [ ndV - k [ Tdn . (18)

To introduce the baffle aperture geometry it is
assumed that the current density is constant over
the sheath thickness, i.e.,

1

Apaf
where I represents the current through the aperture

J = (19)

and Ag,¢ is the open area of the aperture. Substi-
tuting Equation (19) into Equation (18) we have,
160 s1— [ Bdr = e [ ndV - k [ Tdn (20)
ABaf

which can be solved for the baffle area to obtain,

16a

(Rgae) = (21)
B2 8ohm [V - & f Tdn

where the subscript Bohm refers to the fact that
Bohm diffusion was used in the derivation. If in-
stead classical diffusion is used the result is

(g ) 1 [ B2dr
ce

(Agas) (22)

Classical K
[ ndv - 3 [ Tdn

An interesting feature of Equation (21) is the
appearance of the term der which has been used with
some success in the modeling of prim?ry electron
containment for multipole thrusters. 2 Equation (22)
differs from Equation (21) in that the integral
fBdr in Equation (21) has been replaced by ?BZdr and
the term (16a/e) was replaced by {1/vcMg). In the
derivation of Equation (22) the collision frequency
was assumed constant over the region of interest.

The use of the classical diffusion coefficient
requires the evaluation of the electron momentum
exchange collision frequency. For diffusion through
the aperture we need consider only electron-neutral
and electron-ion elastic collisions. The electron-
negtra]scollision frequency, v, was approximated
using,
nV

an

) (23)

Ven

where n, is the number density of neutrals, which
can be evaluated from the theory developed by Wilbur.19
Qn is the electron-neutral collision cross section,
and v is the relative velocity of the colliding
particles. The relative velocity is assumed equal
to the average thermal velocity of the electrons
given by
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;- /8T
v = M
The electron-ion collision frequency v was eval-

uated frog the expression given by Holt and
Haskell,!

(24)

_ 0.8373%/2
nilnA

Vi (25)
where nj is the ion number density and A is the

non-dimensional p]a?@a shielding distance which can
be calculated from,

—17,]

wnA = 2n [12.4x103
[ ng 12

(26)

In order to calculate the baffle aperture area
from Equations (21) or (22) several integrals must
be evaluated. However most of the information
necessary to evaluate these integrals would not be
available to someone designing a thruster. In
order to make these equations more useful the fol-
lowing simplifications were made. For the integrals
JTdn and [ndV the average quantities Tayg and npy
as defined previously were used so the temperaturg
and density could be moved outside the integral to
give,

(27)

(28)

[Tdn = Tavg 21
[ndV = Mavg &V

1t was also necessary to evaluate the integral of
the magnetic flux density in Equations (21) and
(22). For the fairly well confined magnetic field
obtained with the pole piece geometry used in these
tests the approximation

/Bdr = Bar (29)
was also made, where the.B on the right hand side
of this equation was the value of the magnetic flux
density at the center of the aperture. However
with other pole piece configurations it may be
necessary to evaluate this integral. This could
be accomplished by making magnetic flux density
measurements through the aperture along a path
perpendicular to the flux density vectors. Com-
bining Equations (14), (27), {28) and (29) along
with Equation (21) yields the simplified equation
used to calculate the baffle area for the Bohm
diffusion model,

16a(1, . - I )Bar
(Agas) =

Baf Bohm

Arc Beam
av - kTAvg An

(30)
€ Mg

The corresponding result for classical diffusion
s B2ar

e
vMe (IArc - IBeam)
= . (31)

(A

)
Baf :
Classical e nAvg avV - kTAvg An

Apparatus
Magnetic Baffle

A1l experiments pertaining to this study were
carried out on a 14 cm dia. radial field thruster.
The thruster was equipped with the pole piece
assembly shown schematically in Figure 1. For these

tests the cathode pole piece outer diameter was held
constant at 3.18 cm and the wall and baffle plate
thicknesses were both 0.32 cm. The magnetic baffle
assembly of Figure 1 provided separate control over
the magnetic field strength in the aperture through
the use of a 12 turn magnetic baffle solenoid. The
magnetic coupling rods shown were made of soft iron
and were of sufficient cross section to assure that
the magnetic flux through the rods was well below
the saturation point at the maximum solenoid current.
Control of the magnetic field strength in the main
discharge region was accomplished through the use of
8 radially oriented electromagnets. Since the
cathode pole piece was part of the main thruster's
magnetic circuit, increasing the current through the
radial nagnets increased the magnetic field strength
in the aperture region as well as the main discharge
region. However changing the field strength in the
aperture by using the baffle solenoid did not signi-
ficantly change the magnetic field in the main dis-
charge region. Magnetic flux densities in the center
of the aperture ranging from 9x10-% to 120x10-“ tesla
could be established using either the baffle or the
radial magnets. The pole piece/baffle geometry
shown in Figure 1 was choosen for this study because
it provided a magnetic field whose Tines-of-force
were nearly parallel to the Z-axis and concentrated
mainly in the baffle aperture. This being the case,
it would be expected that a plot of the magnetic
field strength component in the Z-direction as a
function of the radial position through the aperture
would be rather peaked in the vicinity of the gap.
Figure 3 is such a plot, where IR is the radial
electromagnet current and Igaf is the baffle magnet
current. These figures do show the magnetic field
tends to be concentrated in the aperture Region.

The measurements- for Figure 3 were taken with the
gap spacing, i.e., the distance from the downstream
edge of the cathode pole piece to the upstream edge
of the baffle plate {w in Figure 1), equal to

1.02 cm. This was the largest spacing used in the
tests. Since the larger gap size resulted in
greater spreading of the magnetic field, the curves
in Figure 3 correspond to the case having the field
lines spread over the greatest distance of any that
were investigated. Since it was believed that the
amount of this spread influences the thickness of
the plasma sheath through the aperture, and since
the approximations of the derivatives are better for
small Ar it was considered desirable for this study
to have the magnetic field spread out as little as
possible.

Probes

Two cylindrical Langmuir probes were used to
measure the plasma properties on each side of the
aperture. The cathode region probe was a 0.076 cm
diameter tantalum wire 0.076 c¢m long, and was po-
sitioned at a radial distance approximately equal
to the keeper radius at the midpoint of the aperture
gap. Because the plasma properties in the cathode
region are fairly uniform the positioning of the
cathode probe was not critical, thus it was placed
fairly near the centerline to assure that it was not
in the region of plasma heating. The main discharge
region probe was a 0.076 cm diameter wire 0.123 cm
long. The positioning of both probes can be seen in
Figure 1. The main discharge region probe could al-
so be swept radially through the aperture and
several measurements of plasma properties as a
function of the radial distance through the aperture
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were made. The probe traces were analyzed using
a computer program developed by Beattie.l7

Data Collection

Extensive plasma property measurements were
made using the cathode region and main discharge
region probes over a wide range of operating con-
ditions. Three different baffle aperture areas
were probed. A summary of the values of the im-
portant variables for each test is listed in
Table I.

Table I
Test Conditions

Test Aperture Gap Main Cathode Arc  Range of
No. Area Spacing Flow Flow Cur. Peak Mag.
[m2] wlcm] Rate Rate [Amp] Flux Density
[mAEq][mA Eq] in Gap

[10-% tesla]

1 5.71x10°* 0.64 650 165 4.50 9-11
2 6.85x10°%* 0.76 500 100 3.50 15-107
3 9.14x10"%* 1.02 500 100 3.50 13-88

4 9.14x10-% 1.02 400 80 3.50 13-100

The screen and accelerator grid voltages were held
at +1000v and -500v respectively and the cathode
pole piece diameter was 3.18 cm for all tests.
Before each test the aperture area was set by ad-
justing the gap spacing. During the data collec-
tion the arc current, cathode flow rate and main
flow rate were maintained approximately constant.
The magnetic field field-strength in the aperture
was varied by changing the currents through the
radial and baffle electromagnets and this caused
the discharge voltage to change. At each field
strength setting two Langmuir probe traces were
taken, one with the cathode region probe and the
other with the main discharge region probe. The
parameters describing the operating condition (arc
current, arc voltage, beam current and keeper
voltage) were also recorded.

Results and Discussion

It was of interest first to determine if Bohm
or classical diffusion applies to the process of
electron flow through the baffle aperture area.
The diffusion coefficient was experimentally de-
termined by using the Langmuir probe trace data
obtained with the two probes in Equation {13).

A o
n
-e —
ar Ar

1 e2n
D:—_Mﬂ
L AB kT

af Avg
As suggested previously evaluation of this equation
was accomplished by setting the sheath thickness
(ar) equal to the aperture gap spacing (w) on the
basis that this approximated the experimental situ-
ation adequately. This experimental diffusion co-
efficient along with the predictions from the Bohm
and classical theories are shown in Figure 4. This
figure contains only the points obtained under test
number 1 in Table I. However the Bohm diffusion
coefficient was seen to give good results in all
cases when a constant correction factor of a = 2.6
was used. Here Bohm diffusion seems to apply even

90 O

80}

ws064cm
My = 650 mA EQ
e = 165 mA EQ

=]
(o]
T

(4]
O
T

DIFFUSION COEFFICIENT (m2/s)
3
L]

o
o
T

20}

MAGNETIC FLUX DENSITY (x10-* TESLA)

Fig. 4. Comparison of the experimentally
determined diffusion coefficient
with the Bohm and classical

theories.

at low magnetic field strengths, but in some of the
other sets of data not presented here a case could
be argued for classical diffusion. In all sets of
data at the higher magnetic field strengths the
diffusion coefficient followed the Bohm theory more
closely than the classical one. This observation
is in agreement with the results of Wells.? The
classically determined coefficient was typically an
order of magnitude too small.

The aperture areas calculated from Equations
(30) and (31) are plotted against the magnetic flux
density in the aperture in Figures 5, 6 and 7.
1deally the calculated area should be independent
of the flux density since in each case the area was
held constant as the magnetic field strength was
varied. For each of the three different areas
tested the model using Bohm diffusion showed ex-
cellent agreement with the actual area. The solid
lines in these figures represent the statistical
average of the Bohm points only and the dashed lines
represent the standard deviation. In all cases the
classical theory failed badly. Insome instances itwas
off by as much as two orders of magnitude and showed a
strong dependence on the magnetic flux density. The
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explanation for this behavior can be traced back to
Figure 4 and the failure of the classical diffusion
coefficient to fit the experimental data. The end
result of this effort can be seen in Figure 8 which
shows the average calculated baffle area using the
Bohm diffusion model plotted against the actual
baffle area. The solid line represents the line

of perfect correlation and the error bars indicate
the standard deviation represented previously as
the dashed lines in Figures 5, 6 and 7. The cor-
relation is remarkably good considering the number
of simplifications used.

CALCULATED BAFFLE AREA {(xI0-3¥m?)

ACTUAL AREA 0.914 — ;

Application

Finally a description of how to apply this
model is in order. Equation (30)is rewritten here
for convenience, with the subscript Bohm dropped
and the line integral of the magnetic flux density
through the aperture restored,

16a(1

1 I 1 —l 1 J

20 40 €0 80 100 120
MAGNETIC FLUX DENSITY (x10~4 TESLA)

o

Arc IBeam) [ Bdr

ABaf = . (32) Fig. 7. Comparison of areas calculated
e nAvg AV - kTAvg An with the Bohm and Classical
theories for an actual area
It is seen that in order to calculate the aperture of 9.14x107%m2,
area the user must determine a priori the value of
each of the quantities on the right hand side of
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this equation. An important assumption which must
be made now is that the value of the correction
factor, a = 2.6, which was used with success in this
study, can be used for any thruster with any cathode
pole piece geometry. Although this assumption has
not been tested as yet it seems justifiable on the
grounds that the mechanism of electron diffusion
through the baffle aperture should be similar for
other aperture configurations. The designer of a
thruster will know in general from other considera-
tions the values of the beam current, arc current,
primary electron energy and the density at which

the thruster should operate. The density of the
main discharge region could be used as a first order
approximation for the average plasma density in the
aperture region ("Avg)- Further, the magnetic flux
density and configuration of the lines-of-force in
the aperture region will be under his control.

Using a physical model of the magnetic circuit for
the aperture region the magnetic field through the
aperture can be mapped with a gaussmeter and the
line integral of the flux density can be calculated.

Next it is appropriate to consider the relative
magnitudes of the potential and density gradient
driving terms in Equation (32). In particular it
is desirable to determine if some simplification
can be made here which would make the model more
useful to a designer. This is necessary because
the density gradient across the aperture would in
general not be known before a thruster was built

and tested. Fortunately it can be shown that the

ratio of the voltage gradient term to the density

gradient term is approximately a constant regard-

less of the prevailing magnetic flux density, flow
rates, baffle aperture area or discharge current.

The absolute value of this ratio written as,

en oV
voltage gradient termj _ | kT ar] _ |gg é!l (33)
density gradient term e AR kT an
Ar

is plotted against the magnetic flux density in the
aperture in Figure 9 for all test cases. The solid
line represents the average value and the dashed
lines represent the standard deviation. Consider-
able scatter is evident in the data. However to a
first approximation the ratio is independent of

the variables considered important in the baffle
aperture model. This important result allows the
term kTan to be approximated by -%enAV for any
combination of aperture area, magnetic flux density
and flow rate investigated in these tests. No
physical justification of this observation has

been identified.

A1l that remains now is to determine the volt-
age difference across the aperture. It is this
voltage difference through which the electrons are
accelerated to become primary electrons. If the
plasma potential in the cathode discharge region
can be approximated by the keeper voltage,
(VKeeper) and the plasma potential in the main
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Fig. 9. Comparison of the voltage gradient

term to the density gradient term.
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discharge region by the arc voltage (VArc), then
the voltage difference across the sheath could be
determined using

avV =V -V . (34)

Arc Keeper

If this is valid, then this difference should also
be equal to the energy gained by the primary elec-
trons after being accelerated through the aperture
sheath. Figure 10 is a plot of the primary elec-
tron energy against the difference between the

arc voltage and the keeper voltage, including data
from all the test cases. The solid line represents
the line obtained from a linear least squares curve
fit and it has a correlation coefficient of r=0.92.
The slope of the curve fit line is seen to be very
close to one. The dashed Tine represents the line
obtained if the primary electron energy was equal
to this voltage difference. At any point along
these lines the difference between them is about

2 eV which is approximately the temperature of the
electrons in the cathode region plasma.
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Fig. 10. Primary electron energy as a

function of the difference
between the arc and keeper
voltages.

Therefore it appears that the voltage across the
aperture sheath may be accurately approximated by
the difference between the arc voltage and the
keeper voltage. In reality the cathode region and
main discharge region plasma potentials will differ
from the keeper and arc voltages respectively by
the keeper and anode sheath potentials. Apparent-
1y, however, the difference caused by these sheaths
cancel.

Finally now we can write Equation (30) in the
form in which it will be most useful

. ]GQ(IArC - IBeam)BAr

(vArc - VKeeper)

A (38)

Baf 5

7 € Mayg
This is the form of the equation which was used to
generate Figures 5-8.

Conclusions

The diffusion of electrons through the baffle
aperture of a hollow cathode ion thruster closely
follows the Bohm diffusion theory when a correction
factor equal to 2.6 is used. Classical theory
underestimates the diffusion coefficient by typically
an order of magnitude. Applying the Bohm diffusion
theory it is possible to calculate the aperture area
required to effect discharge chamber operation at a
specified discharge voltage and current. The areas
calculated by this model using Langmuir probe trace
data from an operating thruster agreed well with
the actual baffle areas. The dominate physical
force driving electrons through the aperture was |
identified as the electric potential gradient. The
electron density gradient results in a force that is
about one-fourth of the electric field force. The
energy gained by the electrons (in eV) as they are
accelerated across the baffle aperture sheath is
approximately equal to the difference between the
arc voltage and the keeper voltage. Therefore the
value of the potential rise through the baffle
aperture can be approximated using this difference.
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A MODEL FOR NITROGEN CHEMISORPTION IN ION THRUSTERS*

Paul J. Wilbur'
Colorado State University
Fort Collins, Colorado

Abstract

A theoretical model describing the formation
of nitrogen species subject to chemisorption on ion
thruster discharge chamber surfaces is presented.
Molecules, atoms, atomic ions and molecular ions
are jdentified as the important species in the
analysis. Current densities of the atomic and
molecular ions predicted by the model are compared
to current densities measured in the beam of a
SERT II thruster. The predicted and measured
values of these two current densities are shown to
agree within about ¥ 100%. The mechanisms in-
volved in the erosion of a surface subjected to
simultaneous nitrogen chemisorption and sputter
erosion by high energy ions are also discussed.

Nomenclature

A Area (m?)
f Fraction of Surface Area
j Particle Current Density (m-2sec-1)

k Boltzmann Constant (1.38 x 1023J/°k)
m Mass of Molecular Nitrogen (4.68 x 10-26kg)
n  Particle Density (m=3).

p Pressure (nt/m2)

P Primary Electron Rate Factor (m3/sec)

Q Maxwellian Electron Rate Factor (m3/sec)
S Sputtering Yield

T Temperature (°k)

v Velocity (m/sec)

vV Volume (m3)

=

Sputtered Metal Removal Rate (m-2sec-!)

Z Rate Factor-Density Product for Primary plus
Maxwellian Electrons-Egn (15) (sec)-!

¢ Probability of Striking a Sputtering Site
Affected by a Nitrogen Atom

¥  Sticking Probabi]ity

* Work performed under NASA Grant NGR-06-002-112.

-+

Professor, Mechanical Engineering Department,
Member AIAA.

Copyright© American Institute of Aeronautics and
Astronautics, Inc., 1979. All rights reserved.

Subscripts and Superscripts

a. Accelerator Grid Open Area.
¢ At cathode potential

e Effective Open Area of Grid Pair to Neutral
Particles

Hg Sputter inducing mercury ions

m  Maxwellian Electron f

p Primary Electron or Primary Electron Région
s Screen Grid Open Area

w Discharge chamber Wall

o In the Vacuum Tank

1 Atomic Nitrogen

2 Molecular Nitrogen

+ Atomic Nitrogen Ion

24+ Molecular Nitrogen Ion

*  Sputtering Site Where the Effect of Nitrogen is
Felt. ‘

Introduction

When nitrogen is present in the discharge
chamber of an ion thruster it is known to_reduce
the erosion rates of thruster components.' For
ground based qualification tests of ion thrusters
this phenomenon is undesirable because it results
in greater component lifetime measurements than
those that would be observed in the space environ-
ment where nitrogen is not present. On the other
hand one can envision an operating mode wherein
nitrogen might be carried on an electrically pro-
pelled spacecraft so it could be supplied to the
discharge chamber during operation to extend the
lifetime of critical thruster components. It is
desirable to have a theoretical model describing
the change in sputtering rates effected by the
presence of nitrogen in the discharge chamber so
one can compute the associated changes in component
lifetimes that could be expected either in space or
during a ground test. The purpose of this paper is
to develop a portion of that model; namely that
portion describing the arrival rate of reactive
nitrogen species on the discharge chamber walls.
Results predicted by the model will be compared
with some experimental measurements. Further, the
means by which results given by the model might be
used to compute variations in sputtering rates
caused by nitrogen impurities will be suggested.
The amount of nitrogen, which would have to be
carried on board a spacecraft to bring about a
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substantial reduction in discharge chamber sputter-
ing rates is estimated using th$ erosion.rate data
given by Rawlin and Mantenieks.! This analysis is
contained in the Appendix.

Physical Processes

During ground based testing of ion thrusters
nitrogen enters the discharge chamber as molecular
nitrogen through the grids. Molecular nitrogen
exhibits a low probability of being chemically
adsorbed on thruster materials compared to other
more reactive species so its rate of chemisorption
will be neglected in this analysis.Z Molecular
nitrogen, which is present in the discharge chamber
in the highest concentration of any nitrogen specie,
is however subject to electron bombardment and the
species resulting from these interactions generally
do exhibit a high adsorption probability. The
species produced include atomic nitrogen and atomic
nitrogen ions both of which are highly reactive and
exhibit a chemisorption probability near unity when
they strike an unsaturated surface. As a surface
becomes saturated with chemisorbed nitrogen however
incident atoms and atomic ions would probably be
held only for the time necessary to form molecular
nitrogen which would be released back into the dis-
charge chamber. Molecular nitrogen ions are also
formed in the discharge chamber and they can also
be chemisorbed into a metal surface if they can
acquire a sufficiently high kinetic_energy with
which to impact a thruster surface. In ion
thrusters, molecular nitrogen ions acquire energies
on the order of 30-40v as they pass from the bulk
plasma to cathode potential surfaces and this is
sufficient to facilitate their dissociation upon
impact and subsequent chemisorption. In this
energy range the sticking probability for molecular
jons on molybdenum is for example about 50%.
Molecular nitrogen ions striking anode surfaces
will generally not stick and they will therefore
come back off as neutral molecular nitrogen. Other
species such as metastable nitrogen species would
be expected to behave as molecular nitrogen so they
will be neglected in this analysis.4 Another
process which can be important in some cases in-
volves energetic electrons (>10eV) striking
physically adsorbed molecular nitrogen.* This
mechanism should not be important in thrusters be-
cause electrons striking the cathode potential sur-
faces which are of interest here do not have
sufficient energy to effect dissociation.

Once nitrogen chemisorption has occurred,
atomic nitrogen present in the metal apparently
enhances the sputter resistance of the base metal
in the surface. When the surface is impacted by
an energetic ion and nitrogen is dislodged it
appears to leave the surface in the atomic state.
This sputtering would of course be expected to
occur from cathode potential surfaces where the
energies of sputtering ions are substantial and
it would not be expected from anode potential sur-
faces where the energies of sputtering ijons are
much Tower.

The species which have been identified as im-
portant in the nitrogen chemisorption process are
atoms, atomic ions and molecular ions. These
species are considered in this analysis to be pro-
duced in the discharge chamber as a consequence of
the following reactions:

N +e » N+ 2e (M)
2 2
N2+e—>N+N++2e (2)
N2 +e »~ 2N+e (3)
N +e » N+ 2e (4)

The final reaction might be considered quite
unlikely initially because the atomic nitrogen
density would be expected to be substan-
tially less than the molecular nitrogen density.

The reaction is significant here however because of
jts comparatively high cross section. The electrons
inducing the reactions given above will in this
analysis be assumed to fit the two-group model
(monoenergetic plus Maxwellian) generally applied

to mercury ion thruster plasmas.

Theoretical Development

In order to calculate the current densities of
the various species which are chemisorbed on the
thruster walls it will be necessary to determine
the density of nitrogen in the discharge chamber.
For the case where a thruster being ground tested
is considered, this is determined by a nitrogen
balance equating inflow and outflow through the
grids to and from the vacuum tank. Figure 1 is a
schematic diagram of the vacuum tank and discharge
chamber. In the vacuum chamber the nitrogen mole-
cular density (ng) can be related to the nitrogen
partial pressure (p,) and the tank wall temperature
(To) through the perfect gas equation

o, (5)

n =
0
k Tg

where k is Boltzmann's constant. It has been as-
sumed here that the molecules.are in good thermal
communication with the tank walls so they equili-
brate at the tank wall temperature.

/VACUUM TANK

DISCHARGE
CHAMBER

Figure 1. Nitrogen Flow Schematic

The flow rate of nitrogen atoms into the
thruster (ngy) is given by the equation for free
molecular f?ow through a sharp-edged orifice,

2n v A nvA
R o=_0072 __o0o0a (6)

o 4 2
where Ay is the open area of the accelerator grid
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and vg, the mean molecular velocity, is given by

8 kTO
Yo =\/ _— . (7)

The quantity m is the mass of a nitrogen molecule.

As a result of electron bombardment within the
discharge chamber, nitrogen molecules {N2) will be
converted to molecular ions (N; ), atomic ions (N%)
and atoms (N) and these specieS will reach equili-
brium densities n,, n,4, ny and n; respectively.
The equivalent loss rate of nitrogen atoms (n) from
the discharge chamber as a result of migration of
each of these species through the grids will then
be given by

n=2J,A +2J,, A+ A +3 A, (8)
The symbols j,, Jo4s Jy and j, represent respective-
1y the particle current densities of nitrogen mole-
cules, molecular ions, atomic ions and atoms toward
the grids. The quantity Ag is the effective open
area of the screen grid to ions and A, is the effec-
tive open area of the screen and acce?erator grid
pair to neutral flow from the discharge chamber to
the tank. This latter effective open area is de-
termined by considering the effective resistance to
flow for the two-grid system to be equal to the sum
of the resistances of each separate grid and is

given by (A) (A)
A A
A =S 8 (9)
e As + Aa

The area given by this expression is being used be-
cause it seems to yield closer agreement with ex-
perimentally determined neutral loss rates through
an accelerator sgstem than the accelerator grid
open area alone.>,6 .

The current densities of the various species
in Eqn. (8) can be determined by considering each
specie separately. The neutral molecules are as-
sumed to be uniformly distributed throughout the
discharge chamber and to have a Maxwellian velocity
distribution corresponding to the thruster wall
temperature (Ty). Hence the molecular current
density (j,) is

. Mv2 M, 8 kT,
NEFTTETV T

Molecular nitrogen ions are produced within
the primary electron region of the thruster as a
result of electron bombardment of molecular nitrogen
by both primary and Maxwellian electrons. These
jons are assumed to be lost uniformly at the same
rate as they are produced by migration across the
bounding surface area of this region (Ap). The
current density of molecular ions (jo4) is there-
fore given by the production rate divided by the
surface area.

)
_ 24 2+
= Kﬁ Ny (np P2 + anZ )

Tnherent in the application of this equation is the
assumption that the primary electrons at density np
and the Maxwellian electrons at density np are dis-
tributed uniformly over the primary electron region
of volume VE. These densities as well as others

an

(10)

()

j2+

used in thi alysis are therefore volume-

averaged values.

The rate constants for _primary electrons (P§+)
and Maxwellian electrons (Q3*) are defined as the
relative velocity-cross section products based
respectively on the primary electron energy and the
Maxwellian electron temperature.® Values for these
constants, pertaining to the production of molecular
jons (2+) from molecular neutrals (2), ha.: veen
computed uging experimentally determined cross
sections’»8 and they are given in Figures 2 and 3.
Tabular rate constant data are also given in the
Appendix for this reaction and other reactions
found to be important in this analysis.
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Figure 2. Primary Electron Rate Factors

for Nitrogen

The current density of atomic ions which
appears as the third term on the right side of
Eqn. (8) is calculated in a way similar to that
used for molecular jons. As suggested by Eqns. (2)
and (4) however atomic ions can be produced from
either atoms or molecules and the current density
of this specie therefore becomes

v
. + +
i, =g [ na(nPz + ny Q)
Y
+ + (12)
+ nl(inl + anI)

The rate constants for production of atomic ions
from molecules (P%, Q) and from atoms (P}, Qf)

have been determined using respectively the
measured cross sections from Rapp, et al8 and
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Keiffer and Dunn,? and they are also given in
Figures 2 and 3 and in the Appendix.
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Figure 3. Maxwellian Electron Rate
Factors for Nitrogen

The calculation of the current density of
neutral nitrogen atoms is considerably more complex
than those for the ionic species because each of
the following phenomena must be considered in the
formulation of the associated equation:

1) The production of atomic nitrogen in the
primary electron region as a result of
the reactions of Eqn. (2) and (3),

2) The loss of atomic nitrogen in the
primary electron region as a result of
the reaction of Eqn. (4), and

3) The release of atomic nitrogen from sur-
faces at cathode potential in sufficient
numbers to assure no net accumulation of
nitrogen once steady-state sputter
desorption/chemi-adsorption conditions
are achieved.

The third condition cited above reflects the
fact that chemisorbed nitrogen tends to be sputter-
ed off as atomic nitrogen.4” This specie, which
could have been derived originally from any of the
atomic or jonic species subject to chemisorption,
may end up being sputtered between several cathode
potential surfaces. This results is an increase
in the average atomic nitrogen current density

going to any surface over that which would occur

if nitrogen came back off of cathode potential sur-
faces in molecular form. It is important to note
at this point that any of these species going to
anode potential surfaces would be expected to re-
turn to the discharge chamber as molecular nitrogen.
This occurs because anode surfaces are not subject
to significant sputtering and they therefore tend
to become saturated with nitrogen in the steady
state condition. In order to simplify the analysis
this model of nitrogen production will be de-
coupled from the sputtering model, and it will be
assumed that the chemisorbed nitrogen coverage on
cathode potential surfaces is small. This enables
one to neglect cathode potential wall encounters

in which a nitrogen atom or ion is rejected because
the site it strikes is saturated. Considering the
phenomena described above the equation for the
current density of atomic nitrogen becomes

v
31 = K‘;— ‘ n [ (P3 + 2P}) + n (Q; + 20;)]

+ + .
nl[inl + anI] \+ i f

o (13)

I+ 25 ) Ty

The quantities fc, and fc+ represent respectively
the fractions of the discharge chamber surface
area which appear to the neutral atoms and ions to
be at cathode potential. These two factors differ
because the grid system presents different open
areas to neutral and ionized particles. The
quantity ¥,, appearing in the last term is the
probability that a molecular ion will be chemisorbed.
This probability is dependent on both the energy of
the average sputtering ion and the materials on
which it is impacting. Molecular nitrogen ions,
having energies characteristic of ion thruster
sheaths which strike molybdenum have a sticking
probability of about 50% for example.3 Rearranging
Eqn. (13) one obtains:

l_°<

. + + < .
51= fna(Zpr2z))-mzi [+ (32000000 s

5

(14)

(-t

where the quantity Z, which has been used to simpli-
fy the expression, is defined by

J 2 J J

Zi ini + "in . (15)

In the steady state the flow rate of nitrogen

atoms into the thruster (ngy) would have to be equal
to the nitrogen outflow rate (n). Employing this
condition and using Equations (5) through (8}, (10)
through (12) and (14) the following expression for
the molecular nitrogen density in the discharge
chamber is obtained:

+
n = Do [E kTw+!e‘Zj(A_s+A£[ic_ﬁ]])
2 — -
SRt L PV A |2 ARy A LT

+ 1
(Ol 53 oo
n, AA AA 1-f ]-fcl AA
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The first term in the square brackets generally
tends to dominate this denominator term. This cor-
responds physically to the condition in which ni-
trogen is lost through the grids primarily in the
form of neutral molecules. With the exception of
the atomic-to-molecular nitrogen density ratio
(ny/n,) Equation (16) is written in terms of quanti-
ties which can be evaluated. The quantities which
would have to be known include the discharge plasma
properties, the tank nitrogen partial pressure and
the geometry and material specifications for the
thruster. The atomic-to-molecular density ratio
(ny/n,) can be obtained if one assumes that both of
these species have a uniform Maxwellian distribution
characterized by the discharge chamber wall tempera-
ture (T,). Then the current density of atoms
leaving the primary electron region where they are
produced is given by:

. El 8kTw kTw
Vs "W (17)

Combining Equations (11), (12), (14) and (17)
one then obtains:

1 + 2+
noo21Z ¢4 (4f) 7, + 245, f . 1)

N2 kT
ﬁa-(1-f Y\ =+ (14f,) 7F
Vp c1 m c+ 1

The first term in the numerator and the first
term in the denominator tend to dominate this ex-
pression. Physically this dominance means that
neutral atoms are produced primarily by the reaction
jdentified in Egn. (3) and lost as a result of mi-
gration at thermal velocity to anode potential sur-
faces or through the grid apertures. It is probably
desirable at this point to reiterate that atoms
going to cathode potential surfaces are considered
to be sputtered back off as atoms in the model and
this physical condition is reflected in the (1-fc1)
term appearing in the denominator of Eqn. (18).

Eqns. (18), (16), (17), {11) and (12) now
comprise a closed form solution for the particle
densities of the nitrogen atoms and molecules and
the current densities of molecular and atomic ions
and neutral atoms in terms of plasma properties,
known properties of nitrogen and geometrical prop-
erties of the discharge chamber. Current densities
computed from these equations when multiplied by
the chemisorption probability for each correspond-
ing specie determine the rate of formation of
sputter resistant sites on the base material.
information may now be applied to a sputtering
theory to determine the effect of the nitrogen on
the erosion rate of the base material.

(18)

This

Application of Nitrogen Arrival Rates
in a Sputtering Theory

Rawlin and Mantem'eks1 observed what appeared
to be a transition between two sputtering levels
as the nitrogen partial pressure was increased from
very low to very high levels. They suggested this
transition was determined by the relative arrival
rates of sputtering ions (mercury) and the con-
taminant particles which are being chemisorbed
(nitrogen). Such a theory might be formalized by
assuming that incident mercury ions arriving at a
site would exhibit two distinct types of behavior

depending on whether or not that site was influ-
enced by a chemisorbed nitrogen atom. Similarly,
incident nitrogen being chemisorbed would be ex-
pected to exhibit this same binary behavior. The
wear rate of base metal per unit area would then be
given by

W= sdy (1-6) 45" 3y ¢ (19)

g g

where S is the yield of base metal at a site where
nitrogen doesn't influence the sputtering, S' is the
yield at a site where the influence of the nitrogen
is felt, ¢ is the probability of striking a site
affected by nitrogen and qu is the incident current

density of the particles that effect sputtering.
The nitrogen concentration would after a period of
operation reach a steady value so the nitrogen
chemisorption and sputter induced desorption rates
would be equal. The equation describing this con-
dition would be

(jl + j+ + 2j2+ ‘{’2+) (] - 4’) = ng ¢ Sl (20)
where S, is the sputtering rate of nitrogen atoms
from a site where nitrogen is present. Chemisorp-
tion probabilitiesof unity have been assumed for
the nitrogen atoms and atomic ions in this equation.
Combining Eqns. (19) and (20) to eliminate the
probability factor ¢ one obtains the following ex-
pression for the base metal removal rate:

5y . 3y 3y, 0y,
. 5 53,
W=y, S — (21)
9 S1 3y + I + 2\l’2+ Jos
ST ' j
H
9

In the limit of high nitrogen chemisorption
this equation yields a base metal loss rate per
unit area that is characteristic of a saturated
surface (ng S') and for the opposite 1imit the

(3u. S). The

limiting behavior is therefore consistent with the
observations of Rawlin and Mantenieks.! The ratio
(51/S') appearing in Eqn. (21) represents the
average number of nitrogen atoms sputtered per base
metal atom sputtered when a site influenced by ni-
trogen is bombarded. Equation (21}, while it may
not represent the sputtering processes involved in
this problem with complete physical accuracy, does
demenstrate how nitrogen currents to the surfaces
of a thruster could be incorporated into a sputter-
ing model.

rate is that for the virgin metal

Experimental Procedure

In an effort to verify the theoretical model
of nitrogen specie production proposed in this
paper, experiments were conducted in which the
molecular and atomic ion currents coming from a
SERT II thrusterl0 were measured directly and also
calculated using the model proposed herein. The
SERT II thruster was equipped with a standard grid
set (71% open area screen grid, 48% open area ac-
celerator grid, 13.9 cm dia. beam) and was operated
at 2kV and 3kV net and total accelerating voltages
respectively.
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Tests were conducted by operating the thruster
on mercury for several hours until it was running
stably and the vacuum tank pressure was in the
5 to 7 X 10-® torr range. Nitrogen was then in-
troduced into the tank at a location upstream of
the thruster until stable thruster operation at the
total tank pressure desired was established. The
nitrogen was introduced into the tank in the manner
mentioned to prevent direct access of the nitrogen
through the thruster grids without at least one
encounter with the tank wall. This facilitated
equilibration of the molecular nitrogen and the
tank wall temperatures. With the thruster operating
stably its ion beam was ?robed using a collimating
E x B momentum analyzer] to determine current
density profiles for the pertinent ionized species
(H§, Nf, N*) in the beam at probe pitch angles of 0°,
5°, 10° and 15°. These data were subsequently
analyzed to determine the current density of each
specie averaged across the beam. Immediately after
the beam current density profiles had been obtained
the discharge chamber was Langmuir probed at sixteen
locations. Subsequent analysis of these Langmuir
probe data using the technique developed by
BeattielZ yielded plasma property profiles for the
discharge chamber. Plasma properties averaged over
the primary electron volume were then determined so
they could be used as input to the theoretical
model described previously in this paper.

Figure 4 shows the E x B probe output measured
as the plate voltage on the probe was varied to
change the charge-to-mass ratio of the specie being
sensed by the instrument. These data were obtained
with the probe on centerline looking down the
thruster axis. The figure shows the highest peak
for singly-charged mercury with other, lower in-
tensity peaks occurring at charge-to-mass ratios
corresponding to doubly-ionized mercury, molecular
nitrogen ions and atomic ions. Note that the upper
curve is a thirty-fold amplification of the lower
one. Figure 4 suggests that both molecular and
atomic nitrogen ions are produced in significant
numbers in the discharge chamber when nitrogen is
present in the facility.
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E x B Probe Signature in the
Beam of a Nitrogen Contaminated
Ton Thruster

Figure 4.

Tests were conducted over a range of nigrogen
partial pressures and thruster flow rates, discharge
currents and voltages. The test conditions and re-
sults obtained in these tests are shown in Table I.
The plasma properties given in this table are the
volume-averaged values determined from Langmuir
probe data which were used as input to the theo-
retical model. The calculated values of atomic and
molecular ion current ratios were obtained by using
these data to calculate nitrogen current densities
from Eqn. (18), (16), (11) and (12), then multiply-
ing the results by the beam cross sectional area
and dividing by the measured beam current attribu-
table to mercury ions.

The estimated temperatures and geometrical and
chemisorption probability factors determined for
the SERT Il thruster and used as input to these
equations are:

Table I

Test Conditions and Results

Nitrogen Max. Pri. Maxwellian
Test Partial Elec. Elec. Density
# Pressure Temp. Energy n.
(t62r) (eV)  (eV) (m= )
1 2.2x1078 6.5 21.6 2.0x10Y7
2 1.2x10-5 5.6 21.7 1.9x1017
3 3.5x10-§ 7.5 28.2 8.5x1016
4 3.0x10-8 6.6 28.2 8.4x1016
5 3.0x10-6 5.7 25.7 8.8x1016
6 1.3x10-5. 5.6 23.1 9.4x1015
7 5.2x10-6 6.5 - 28.4 1.4x1017
8 1.5x10°3 6.4 27.6 1.6x1017
9 4.5x1076 8.7 29.9 1.2x1017

Primqry Atomic Ion Molecular Ion
Density Current Ratio Current Ratio
n meas. calc. meas. calc.
e € I ¢ I £ I
8.0x1015  0.99 0.81 2.07 1.47
6.7x1015  1.17 2.23  4.95 5.13
1.0x1016  0.68 1.03 4.86 2.10
1.0x101¢  0.78 0.62 2.94 1.52
1.1x1016  0.67 0.48 3.42 1.27
6.9x1015 1,85 1.18 6.66 4.00
1.6x1016 1,53 1.69 4.96 2.89
1.4x1016  2.49 5.56 7.59 9.36
1.4x1016  1.76 2.81 5.70 3.68



o Vacuum Tank Wall Temperature, Ty = 77°k

o Discharge Chamber Wall Temperature,
Tw = 500°k

0 Primary Electron Region Volume-to-Surface
Area Ratio, Vp/A, = 1.45 X 1072 m

o Screen-to-Accel Grid Open Area Ratio,
Ag/Aa = 1.5

o Effective Open Area-to-Accel Grid Open Area,
Ae/Aa = 0.60"

0o Fraction of Thruster Interior at Cathode
Potential as seen by Neutrals, fCl = 0.36

o Fraction of Thruster Interior at Cathode
Potential as seen by Ions, fc+ = 0.28

o Sticking Probability for Molecular Nitrogen
Ions, ¥, = 0.5 (this quantity is a func-
tion of “ion energy and base material.
Reference 3 suggests a value of 0.5 for
mo]gbdenum and discharge voltage of about
40v).

The measured current ratios in Table I were
determined by taking the ratio of average nitrogen
specie current density to average singly ionized
mercury current density as determined from analysis
of the E x B probe measurements. Figure 5 is a
plot of the calculated molecular and atomic current
ratios against the measured ones. The data show
considerable scatter but suggest that the model for
molecular and atomic nitrogen current density cal-
culations is accurate to within about ¥ 100%. It
is also noteworthy that the atomic jon data seem to
be centered close to the line of perfect correla-
tion. The majority of the molecular ion data on
the other hand lie below this line and this suggests
a possible systematic error in the model. The most
probable sources of such an error are considered to
be related to the values assumed for sticking co-
efficients and geometric factors. The accuracy of
nitrogen partial pressure is also guestionable be-
cause it was determined as the difference in pres-
sures measured before and after the introduction
of nitrogen rather than with a residual gas
analyzer. Finally Langmuir probe trace analysis is
always a source of possible error. Considering the
crudeness of the model and the possible sources of
experimental error the results appear to be satis-
factory.

Although the atomic neutral current density
given by Eqn. (17) could not be verified with the
available instrumentation it is probably safe to
assume that this equation would also be accurate to
within about ¥ 100%. Examination of the magnitudes
of the current densities of the various nitrogen
species given by Eqns. (11), (12} and (17) for
typical SERT II mercury thruster operating condi-
tions suggests that it is the atomic neutral cur-
rent density that has-the greatest magnitude. The
molecular and atomic ion current density were
typically about one-fifth and one-tenth of the
atomic neutral current density respectively.

Conclusion

A model describing the current densities of
nitrogen species produced in the discharge chambers
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Calculated Results

of jon thrusters has been developed. These species,
which are identified as nitrogen atoms, atomic
nitrogen ions and molecular nitrogen ions, tend to
be chemisorbed on cathode potential thruster walls
when they reach them. The model suggests that ni-
trogen atoms are produced primarily by electron
induced dissociation of molecular nitrogen and lost
as a result of atom migration to anode potential
surfaces and through the grids. These atoms are
the major contributer to the current density of
species that are chemisorbed at cathode potential
surfaces. The molecular and atomic current den-
sities are about one-fifth and one-tenth respec-
tively of the neutral atom current density. The
current densities of nitrogen ions were measured
in the beam of a SERT II thruster as a function of
discharge chamber conditions and nitrogen partial
pressure. These measurements agreed with current
densities calculated using measured plasma proper-
ties and estimated geometrical factors to within
about * 100%.
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Appendix

On Board Nitrogen Mass Requirement for 30 cm
Thruster Mission

The idea of carrying nitrogen on board a space-
craft to extend the lifetimes of discharge chamber
components by increasing their sputter resistance
could pe of interest if it would not result in sig-
nificant increase in spacecraft mass. Screen grid
erosion rate data complied by Rawlin and Mantenieks!
suggest that a substantial reduction in the erosion
rate of molybdenum began to occur in ground based
endurance tests of a 30 cm thruster operating at a
2 A beam current and a 36v discharge voltage when
the facility pressure was about 1 x 10-% torr.
Equations (5), (6) and (7) of this paper can be
combined to yield the following equation which can
be used to calculate the molecular nitrogen flow
rate into the thruster corresponding to this pres-
sure.

Using an assumed vacuum tank wall temperature T, of
77°K, an accelerator grid open area of 0.0304 mQ,
together with the facility pressure of 1 x 10-6
torr = 1,33 x 10~* nt/m? one finds a nitrogen flow
rate of ny = 0.037 A equiv. For a 10,000 hour
mission tgis corresponds to supplying about 0.39kg
of nitrogen directly into the discharge chamber.
This corresponds to about 0.3% of the mercury mass
required to operate the thruster.

Rate Factors for Nitrogen

Primary 24 + 1 +
Electron Py P2 P2 Py
Ens;gy (m3/sec) (m3/sec) (m3/sec) (m3/sec)
e

10 -- -- -- --

20 0.72x10-1% - 2.31x10-1% 0,18x10°13
30 3.31 0.05x10"1% 4,25 0.65

40 5.48 0.39 5.561 1.02
50 7.04 1.09 6.25 1.22

60 8.31 1.72 6.94 1.36
70 9.33 2.26 7.64 1.48

Maxwellian

$1ectron Q§+ Q; Q; Q:

(gvg‘ {m3/sec) (m3/sec) (m3/sec) (m3/sec)
3 0.009x1p-1* 0.0003x10°15 0.039x10~14 0.024x10-1%
4 0.04 0.004 0.13 0.10
6 0.21 0.057 0.45 0.47
8 0.52 0.25 0.87 1.06

10 0.9 0.62 1.31 1.77

12 1.34 1.19 1.74 2.54
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THE SCREEN HOLE PLASMA SHEATH
OF AN ION ACCELERATOR SYSTEM
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Fort Collins, Colorado 80523

Abstract

Results of the first probing of the screen
hole sheath of an ion accelerator system are pre-
sented. The screen hole sheath, represented as a
set of equipotentjal contours, extends over a large
distance within the discharge plasma. Under no
conditions examined does the sheath enter the
screen hole. Edge hole defocusing of multiaperture
accelerator systems is due primarily to local
plasma density variations rather than adjacent
screen hole sheath interactions. The sheath
boundary is independent of screen-to-accelerator
grid spacing when the grid.set is operated at the
minimum ion beam divergence condition. Signifi-
cant ion focusing effects occur in the sheath
adjacent to the screen grid webbing leading to
increased ion source beam current efficiency with
decreasing screen-to-accelerator grid separation
and/or screen grid thickness.

Nomenclature

£ _ = grid separation distance, mm

g
dS = screen hole diameter, mm
da = accelerator hole diameter, mm

t_ = screen dfid thickness, mm

t_ = accelerator grid thickness, mm

VT = total accelerating voltage, volts

R = net-to-total accelerating voltage ratio
VD = discharge voltage, volts

A4 = potential variation through sheath, volts
T = Maxwellian electron temperature, eV

NP/H = normalized perveance per hole, amp/vo1t3/2

Introduction

The ion beam divergence characteristics of ion
accelerator systems have been studied experimentally
by many workers in recent years.]'6 Presently, the
ion acceleration and focusing process is fairly
well understood. Using the data available in
Refs. 5 and 6, one can quite accurately predict the
jon beam divergence characteristics of an arbitrary
two or three-grid accelerator system at any speci-
fied operating condition. However, the process by
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Student Member AIAA.
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Released (o AIAA to publish in all forms.

which the accelerated ions are extracted from the
plasma is not well understood. It is known that a
plasma sheath is formed and that this sheath is a
transition region separating the plasma from a
region where ions are being accelerated through the
screen hole(s) of the accelerator system. This
screen hole plasma sheath varies in position and
shape as a result of plasma density (i.e., beam
current), grid geometry and grid accelerating po-
tential variations. Consequently, changes in the
physical characteristics of the screen hole plasma
sheath affect directly such things as the divergence
of the beam ions ejected from the accelerator system,
direct ion impingement upon the accelerator grid
with its associated erosion, ion re-combination over
the screen grid surface and the associated lowering
of ion source beam current efficiency, ion bombard-
ment and erosion of the screen grid, and the limit
to the ion current which can be extracted from the
plasma.

Some theoretical and experimental work has
been done on determining the physical sh racteris-
tics of the screen hole plasma sheath./~7 However,
the theoretical models treat the sheath as a single
equipotential surface separating plasma from accel-
erated ions with no transition region. Similarly,
the available experimental data is limited to a
couple of idealized cases; being photographic in
nature, it represents the sheath as a-discontinuity
and is of little use. Therefore, a thorough experi-
mental investigation of the physical structure and
behavior of the screen hole plasma sheath was under-
taken. The basic physical phenomena uncovered would
provide a better understanding of the ion extraction
process and aid in the development of improved
theoretical models.

Accelerator System Scaling

In order to make accurate measurements of the
physical characteristics of the screen hole plasma
sheath (i.e., position, shape and structure), it
was necessary to use a large accelerator system so
adequate spatial resolution could be achieved. This
was done by increasing the screen hole diameter from
a value of 2.06 mm, which is typical of ion thruster
and ground application ion source accelerator
systems, to a diameter of 12.7 mm. The other geo-
metrical accelerator system parameters were also
scaled directly by the ratio of these two diameters
so geometric similarity was maintained. It was
jmportant to determine whether the maximum normal-
jzed perveance per hole? and ion beam divergence
characteristics of such large accelerator systems
were any different from the much smaller accelera-
tor systems typical of most ion sources. Careful
probing of the ion beam emerging from the large
accelerator systems showed the divergence charac-
teristics of these grid sets were identical, within
experimental error, to thoseof the smaller accel-
erator systems. Also, tests determining the maxi-
mum normalized perveance per hole of the larger
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grid sets showed this limit to be equal to that
obtained with the smaller accelerator systems. De-
tails of these tests have been published previous-
1y.10 In summary, scaling up ion accelerator grid
systems to larger sizes does not appear to affect
jon beam divergence characteristics or the maximum
normalized perveance per hole as long as similar
non-dimensionalized grid parameters are maintained.

Sheath Probing Technique

The screen hole plasma sheath was investigated
at various grid geometry and accelerator system
operating conditions. Figure 1 illustrates the
manner in which these data were obtained. In Fig. la
a cross sectional view of the large seven hole two-
grid accelerator system used for this study is de-
picted. The probing volume surrounding the central
screen hole is shown by the dotted rectangle in this
figure. The probe origin was set at the downstream
face of the screen grid and the sheath was probed a
distance of one screen hole diameter back into the
discharge chamber plasma from this point. The
width of the probing region was 1.4 dg (ds = screen
hole diameter) in order that sufficient data points
could be taken to define the sheath overlap region
adjacent to the screen grid webbing. Figure 1b in-
dicates the manner in which the probe traversed the
central screen hole. The sheath probe was set at
each of the fiften radial locations shown. At each
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a) Sheath probing volume.
b) Sheath probe location.

Fig. 1.

location the probe was swept axially through the
sheath and the variation in local plasma potential
was recorded. In this way a full sheath®profile,
for a particular accelerator system geometry and
operating condition, was characterized by an array
of local plasma potential values.

The accelerator system depicted in Fig. 1 was
positioned over a masked down discharge chamber of
an 8-cm diameter electron bombardment ion source.
This ion source had a mildly divergent magnetic
field and used tungsten wire filaments as both the
main and neutralizer cathode emitters. Argon pro-
pellant was used and all source operation was con-
ducted in a 30-cm pyrex tell jar. Average bell jar
pressure was 2.3 x 10-% Torr.
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Fig. 2. a) Sheath probe design details.
b) Circuit schematic for floating
potential measurements.

A floating emissive Langmuir probe was used to
study the screen hole plasma sheath and is shown in
Fig. 2a. This probe has a simple dog leg shape so
it can be positioned off the axis of the central
screen hole thereby permitting the probe tip to
move radially as the probe is rotated. An enlarged
drawing of the probe tip is also shown to detail
the basic construction of the probe filament, its
dimensions and its attachment to the support wires.
The sheath probe is electrically isolated from the
discharge chamber body and when the filament is
heated to incandescence the filament floating po-
tential becomes the local plasma potential. The
instrumentation used to measure the probe floating
potential is shown schematically in Fig. 2b.
Briefly, an isolated battery supply provides heat-
ing power for the filament. The filament is con-
nected through this battery supply to a high
impedance electrometer set to measure voltage; the
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low side of the electrometer is referenced to screen
grid potential. The accuracy of the screen hole
sheath emissive nrohe was checked bv comparing its
response to thatof a small spherical Langmuir probe
located within the discharae chamber plasma slightly
off the ion source axis. This spherical probe was
used to measure local plasma conditions just prior
to entering the screen hole sheath region. Plasma
potential measurements taken with the emissive and
spherical Langmuir probes in the same location
showed good agreement. Generally, the only source
of error originating with the use of a floating
emissive probe of the design shown in Fig. 2 is a
small D.C. voltage extending along the length of
the heated filament. This potential difference was
approximately 0.5 volt in this experiment. A more
detailed discussion of the operating characteristics
of floating emissiv? Langmuir probes is presented
by Kemp and Sellen. 1 The positioning error of

the sheath emissive probe was * 0.05 mm in the
axial direction and * 0.25 mm in the radial
direction.

Sheath Contour Results

The screen hole sheath is really the set of
equipotential Tines that separate the region of
homogeneous plasma from the region of accelerated
jons where there are no electrons. These equipo-
tential contours were computer drawn from the array
of data obtained after probing each sheath profile.
Fiqure 3 shows the screen hole sheath, represented
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Fig. 3. Full screen hole sheatn profile
for standard grid set geometry
and operating conditions.

as a set of equipotential contours, for the central
screen hole of the large seven hole two-grid set
shown in Fig. 1. Unless indicated otherwise, the
following grid geometry and accelerator system
operating conditions may be assumed:

center-to-center hole spacing = 74.7 mm
screen hole diameter, dg= 12.7 mm
total accelerating voltage, V1= 1100 volts

net-to-total accelerating voltage ratio, R= 0.7
screen grid thickness ratio, ts/ds= 0.17
accelerator hole diameter ratio, da/dg

= 0.64
accelerator grid thickness ratio, ta/ds=

0.37.

The central screen hole in Fig. 3 is shown in
a cross sectional view and is drawn to scale as are
the equipotential contours. It should be noted
that the path traced out by the sheath probe in
Fig. 1b crosses the webbing of the adjacent screen
holes at different locations. These locations were
not always the same as those shown in Fig. 1b be-
cause each grid geometry tested was not orientated
in exactly the same way about the center line of
the source. Consequently, the path traced out by
the probe, although always passing through the
screen hole center line and being set at the same
radial positions, did vary somewhat relative to the
adjacent screen holes. To indicate this variation
the cross sectional view of the screen hole in
Fig. 3 has the screen grid webbing artificially ex-
tended out to the extremities of the probing volume.

The grid set used in Fig. 3 had an intermedi-
ate screen-to-accelerator grid separation ratio,
2g/ds = 0.50 and a discharge voltage, Vp, of 45.0
volts. This grid set was operated at a beam cur-
rent or normalized perveance per hole value known
to give the lowest ion beam divergence. The zero
volt contour line shown in Fig. 3 is approximately
equal to the equilibrium bulk plasma potential
deep within the discharge chamber. Equipotential
contours are plotted at one volt increments rela-
tive to this zero reference potential and are shown
extendina to -25.0 volts of this reference plasma
potential. The -25.0 volt contour line is very
close to the sheath boundary. Beycnd this point
the local electron density drops rapidly off to
zero over a distance of the order of the probe
axial resolution limit (~0.2mm). The sheath sur-
rounding the central screen hole is fairly symmetri-
cal; the slight asymmetry is believed to be due to
the sheath probe entering different regions of the
screen grid webbing at the extremities of its travel.
In these regions the adjacent screen hole sheath
interactions are slightly different. Perhaps the

most important conclusion to draw from Fig. 3 is
that the screen hole sheath extends over a large
distance, influencing ion and electron trajectories
deep within the discharge chamber plasma. To illus-
trate this point, the Debye length for the plasma
condition shown in Fig. 3 was 0.6 mm whereas signif-
jcant potential variations are evident over dis-
tances ten times this value.

Figure 4 makes a comparison between the

sheath surrounding the central screen hole of
the large seven hole two-grid set and the sheath
that surrounds one of the edge holes of this grid
set. For clarity, only the -5.0, -15.0 and -25.0
volt contours are plotted in each case. Again, an
intermediate grid separation ratio was used while
the grid set was operated at a normalized perveance
per hole value known to give the ‘minimum beam di-
vergence. Sheath distortion is evident for the



136

NP/H =2.50 x 10° amp /volt”e

£9/ds =0.50

Vp = 45.0 volts

CONTOUR FROM —5.0 TO —25.0 volts
CONTOUR INTERVAL OF 10.0 volts

T T T LI R T 4
h.e}- \ //
CENTER HOLE /4
[~ ——— EDGE HOLE |
S04} | i
A & i
=
g 0.2} I/ 4
A | -
= |
5 & /' | .
E: / |
s I \ \ | i}
N I
530.2f | | 4
3 | [
g [ | ‘ 1
oal | \\ 4
! \
~ |
| | //
1 1 1 1 i 1 1 ! /
1.0 08 0.6 0.4 0.2 00

NORMALIZED AXIAL POSITION ~ x/dg

Fig. 4. Comparison of center and edge
hole sheath equipotential 1lines
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of figure). .

edge hole. This distortion is tending to direct
the initial ion trajectories to greater off-axis
angles than those emerging from the central screen
hole sheath. Plasma density variations across the
edge hole were primarily responsible for the sheath
distortion shown in Fig. 4. An edge hole was also
probed in a region where the plasma density was uni-
form. Here, less significant sheath distortion was
evident. It has been well documented by numerous
workers in the field that those ions emerging from
the outer ring of holes in a multi-aperture accel-
erator system have very divergent trajectories and
are responsible for most of the accelerator grid
erosion. The results of this study indicate that
the decrease in plasma density which occurs as the
discharge chamber edge is approached distorts the
edge screen hole plasma sheath giving rise to more
divergent ion trajectories. The lack of adjacent
screen hole sheath interactions for an edge hole
does not significantly contribute to this sheath
distortion and ion focusina effect.

Figure 5 shows the effect on the screen hole
plasma sheath when thé grid set is operated at a
very low and very high normalized perveance per
hole. Since the central screen hole sheath is
fairly symmetrical only half a sheath profile is
being presented. As expected, increasing the
normalized perveance per hole, or beam current,
moves the sheath closer to the screen hole, the
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Fig. 5. Screen hole sheath movement and
shape change with increasing beam
current, or normalized perveance
per hole, (half sheath profile).

sheath's bowed shape becoming more planar with this'
increase. An unexpected occurrence was that the
screen hole sheath did not enter the screen hole
even for a very large normalized perveance per hole.
The maximum normalized perveance per hole condition
pertaining to the dashed line of Fig. 5 was that

one just below the onset of substantial accelerator
grid impingement. It is noteworthy that the sheath
has not been observed within the screen hole for

any grid set or operating condition examined so far.

Figure 6 compares the effect on the screen
hole sheath as the separation distance between the
screen and accelerator grids was varied. In all
cases the grid sets were operated at a normalized
perveance per hole value known to give the Towest
jon beam divergence for that particular grid
separation. For clarity, only the -10.0 and -20.0
volt contour lines are plotted. Comparing the
-20.0 volt contour lines shows that in all cases
these lines were fairly coincident. The only signi-
ficant departure from this similarity occurred for
the closest grid separation tested (2q/dg = 0.25)
and then only towards the center of the screen hole.
Since the -20.0 volt contour line is fairly close
to the sheath boundary we can draw a tentative con-
clusion. Namely that to first order the screen hole
sheath boundary has approximately the same position
and shape for any screen-to-accelerator grid sepa-
ration when the grid set is operated at its minimum
beam divergence condition. We should note, however,
that the sheath thickness is very different as
evidenced by the variation in the separation be-
tween the -10v and -20v contours in the figure.
Another interesting phenomenom apparent in Fig. 6
is that the sheath potentials around the webbing
for the large grid separation (2q/ds = 1.00 -solid
line) tend to direct the plasma jons directly into
the screen grid webbing. However, with decreasing
grid separation these potential contours begin to
direct ions away from the webbing and into the hole.
This effect is illustrated by the electric field
vectors shown in Fig. 6. This deflection of the
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ions away from the webbing as the grid separation
is reduced would lead to reduced discharge losses.
Such a reduction has been observed by other workers
but it appears to be sensitive to_screen open area
fraction, a parameter that was held constant at
0.67 throughout these tests.

Figure 7a shows a half profile for the central
screen hole of the standard grid set operating at a
minimum beam divergence condition. Figure 7b shows
the profiles for the same grid where the discharge
voltage has been increased from 45.0 volts to 65.0
volt. As before, the last contour line plotted in
both cases should be a good approximation to the
sheath boundary. Comparing Figs. 7a and 7b one
sees that the sheath potential contours have almost
identical shapes, with the sheath boundary for the
higher discharge voltage shifted slightly closer to
the screen hole. The electric field gradients are
significantly greater for the higher discharge
voltage as shown by the closer spacing of the lines
in Figure 7b. The profiles of these figures suggest
that variations in ion velocities imparted signifi-
cantly upstream of the aperture may be more import-
ant in accounting for the beam divergence changes
associated with varying discharge voltagesd® than any
gross change in the sheath shape near the screen
grid. Figure 7c¢ shows the effect of increasing the
bell jar pressure by a factor of two over that
pertaining to the results of Fig. 7a. With this
large increase in neutral number density the small
spherical probe used to monitor bulk plasma proper-
ties indicated that the primary-to-Maxwellian elec-
tron density ratio was approximately zero as com-
pared to approximately 0.25 for the standard
pressure condition. It is believed that this ap-
sence of primary electrons was responsible for the
relative bunching of potential Tines shown in
Fig. 7c compared to those of Fig. 7a. Such a con-
dition would be expected to occur when primary
electrons were not present because the lower energy
Maxwellian electrons would not penetrate far into
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Fig. 7. Comparison of sheath half profile
for standard grid set geometry
and operating conditions (a) with
sheath half profile for increased
discharge voltage (b) and in-
creased ion source operating
pressure (c).

the sheath and the sheath potential gradients would
therefore be expected to be steeper.

Figure 8 shows the result of decreasing the
screen grid thickness while keeping all other
parameters constant. Here, the -5.0, -15.0 and
-25.0 volt contour lines are plotted for clarity.
We note that the -5.0 and -15.0 volt contours are
essentially coincident. However, the -25.0 volt
contour Tine has followed the thinner screen grid
at the webbing but is again coincident with the
-25.0 volt line of the thicker grid at the sheath

center. Examining electric field vectors in this
webbing region, we note that as the screen grid is

reduced in thickness, plasma ions are focused away
from the webbing and into the screen hole. This
focusing effect at the webbing would lead to de-
creased discharge chamber losses with the reduction
in screen grid thickness. Such a reduction has
been observed by other workers. The usual expla-
nation given to account for this behavior is that
the sheath is always located within the screen hole
so that reducing the screen grid thickness results
in less ion recombination on the inside screen hole
edge. This does not appear to be the case however
because all data obtained to date indicates the
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sheath does not enter the screen hole.

Figure 9 compares the screen hole plasma
sheath obtained theoretically by KaufmanlZ using

the digital computer program of Bogart and Richleyl3

against the -25.0 volt contour line obtained experi-
mentally at the same grid geometry and operating
conditions. Qualitatively the shapes are similar
but their positions are different. The theoretical
screen hole sheath is a single equipotential sur-
face at screen grid potential. Consequently, it
terminates on the screen grid webbing and cannot
account for the important web focusing effects
brought out by this experimental study. Moreover,
the theoretical sheath is a discontinuity separating
the plasma from the region of accelerated ions.
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This is an oversimplified model since the experi-
mental results indicate the sheath perturbs the
plasma significantly back from the -25.0 volt con-
tour line shown in Fig. 9. It is felt that these
shortcomings in the theoretical sheath model are
responsible for the poor agreement between theo-
rectial ion beam divergence results and those ob-
tained experimentally in previous studies.5,6

Sheath Plasma Density Variation

So far the sheath has been characterized by a
set of equipotential contours. These contours de-
fine the extent over which the plasma is perturbed
by the accelerator system potentials and are very
useful in determining initial ion trajectories.
Also useful is an understanding of the effect
sheath potential gradients have on the local ion
and electron densities. This information can be
obtained directly from the sheath potential contours
and the bulk plasma conditions. Briefly, a one
dimensional model was developed incorporating
Poissons' equation, the ion energy equation and
conservation of ion flux. The jons were assumed to
enter the collisionless sheath iegion with_the
modified Bohm velocity developed by Masek.l4»15
By taking the second derivative of the potential
with respect to distance numerically through the
sheath of the experimental data and using this as
input to the model it was possible to calculate the
jon and electron density variation through the
sheath.

Figure 10 is a semi-log plot of the ion and
electron number density, normalized by the buik
plasma density, for the centeriine of the screen
hole sheath shown in Fig. 3. Since the ions are
being accelerated through the sheath their density
drops off slowly. In contrast, the-plasma electrons
are being retarded as they enter the sheath region
and their density drops off much more rapidly.

Near the sheath extremity the finite thickness of
the sheath probe (~0.2 mm) does not permit adequate
spatial resolution to sense the last few potential
contours necessary to send the electron number
density to zero. As a first attempt at modelling
these experimental results the plasma electrons are
assumed to be in a Maxwell-Boltzman density dis-
tribution at a temperature Te. The electron density
is then given by the exponential expression shown

in Fig. 10, where A¢ is the potential change through
the sheath. Using this expression, a best fit to
the experimental data was obtained with a Maxwellian
electron temperature Te = 11.0 eV. The small
spherical Langmuir probe used to determine bulk
plasma parameters indicated the Maxwellian electron
temperature was 7.8 eV, considerably less than the
temperature of the fitted curve. However, this

same probe also indicated the ratio of primary (i.e.,
electrons which have undergone no ionizing colli-
sions) to Maxwellian electrons was 0.25 for this
plasma. Therefore the plasma electrons actually
entering the sheath region comprised a Maxwellian
population centered at 7.8 eV with a high energy
primary distribution centered around 40-45 eV.
Hence, if only a pure Maxwellian density distribu-
tion is assumed one would expect the effective
electron temperature necessary to fit the experi-
mental data to be higher than the experimentally
observed Maxwellian electron temperature. This is
indeed born out by test comparison shown in Fig. 10
where the necessary effective electron temperature
was 11.0 eV while the measured Maxwellian electron
temperature was only 7.8 eV.

v
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Further work is being done to define more
realistic models to describe the observed ion and
electron number density variations. It should be
noted that to the authors' knowledge Fig. 9 contains
the first experimental plots of the ion and elec-
tron density variation through any sheath. Some
work was done by Goldanl6 in the late sixties on an
experimental collisionless sheath investigation.
However, he examined an idealized sheath on a
planar electrode up to electric field strengths on
order of magnitude less than those probed during
this experiment.

Discussion

The results presented in this report detail
the first probing of the screen hole sheath of an
jon accelerator system. Initial results indicate
that the screen hole sheath extends over a large
distance, influencing ion and electron trajectories
deep within the discharge plasma. Under no condi-
tions examined so far does this sheath ever enter
the screen hole. At low normalized perveance per
hole values, the screen hole sheath bows out into
the discharge chamber plasma. Uith increasing
normalized perveance per hole the sheath moves
closer to the screen hole and becomes more planar.
Edge hole defocusing is due primarily to local
plasma density variations rather than the lack of
adjacent screen hole sheath interactions. The bound-
ary of the screen hole plasma sheath has approxi-

mately the same position and shape, irrespective of
the screen-to-accelerator grid spacing, if that
grid set is operating at a normalized perveance per
hole corresponding to its minimum beam divergence
condition. Significant ion focusing effects occur
in the sheath adjacent to the screen grid webbing.
Decreasing both the screen-to-accelerator grid
separation and the screen grid thickness enhance
this focusing effect. This results in the deflec-
tion of more ions away from the screen grid webbing
into the screen holes. This causes a subsequent
gain in ion source beam current efficiency. Present
theoretical models are inadequate to describe the
many phenomena occurring in the sheath region.
Further work is being done to define the screen
hole sheath physical characteristics for more grid
geometries and operating conditions.
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