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Abstract

there was no correlation between propellant distribution and .
guard ring erosion panern. A survey of the thrysser magnetic field topology using Hall probes showed
that the erosion raes were higher in regions of relativel ]

8eneranon near the guard rings where the locq)
the electromagnet positions
Introduction electromagnet poles. Because of the crossing
electric and magnetic field, the electrons are
Recent interest in Russian Anode Layer Thrusters trapped in the magnetic field and spiral
as grown because they have demonstrated azimuthally towar € anode the high
fomparable performance to Stationary Plasma nsity electron region, the configuration of the
rusters (SPT) at the same power levels with 3 electric field is governed by the configuration of
smaller size and lower erosion rates. The ].35 the magnetic field. ore, the configuration
kW TAL has a discharge chamber thay s 3/4 the of the electric field js controlled by the magnetic
size of the SPT ang generates the same amount of field and the electrode geometry.
thrust. A recent study[2] has shown that :he

€rosion rates of the life-limitin ~The lower €rosion rates are atribute

d to the
*.  Erosion material properties of the thruster ¢
evaluations have resuliaq 1n predicted lifet; L 1

omponen:s
eumess in and the position of the acceleration zone. The
the range of 5000- 10000 hours[3] for TAL's. life-limiting components on the TAL are the

: electromagner guard rings. The guard rings are
Anode Layer Thrusters Operate cn the szme necessary 1o protect the magnelc sysiam from
physical principals as the other types of Hall ion bombardment. SPT's employ 2 ceramic
thrusters, They generate an axial electric f=1d 1

discharge chamber thay proiccts the
between th. anode and externaj cathode ar- 3

eisctromagnets, while the TAL emplov: magy! lic
radial magnetic fie;-:- betwezn the inser and coer materizls which, generally having Jgiver Spui;
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VIZIZs thin oo - <xtends the thruster
lifetime. Later generauon TAL's generate an
acceleration layer tha: 15 external 1o the thruster,
to increase ionization efficiency and lifetime
while reducing the risk of spacecraft
contamination by reducing the amount of matenal
sputtered from the thruster .
Although the lifetime of the TAL has not been
empirically determined, accelerated tests have
shown that the thruster has the potential of a
longer lifetime than has been displayed by
SPT's[2]). Long lifetimes can be achieved by
using guard ring materials such as graphite,
carbon-carbon, or diamond[3), and by increasing
the azimuthal uniformity of mass loss
Significant azimutha] asymmetries in guard ring

of mass loss will result in slower degradation of

the electromagnet poles and therefore, magnetic
field and electric field.

The objective of this investigation is to
Investigate the cause of the erosion non-
uniformities measured on the guard rings. This
paper presents the erosion patterns that were

discovered and explains possible reasons for
their existence.

Apparatus and Procedure

The evaluations performed on this thruster
include guard ring erosion mcasurements after
the thruster ran for 636 hours on xenon,
Investigation of the propellant distribution
uniformity, and magnetc field mapping.

The Propulsion System :

The D55 was purchased by the Jet Propulsion
Laboratory from TsNIIMASH for the Ballistic
Missile Defense Organization. The thruster name
is derived from the 55 mm average diameter of
the anode. In the back of the thruster thers are
three inlets from the anode propellant line in the
$2me azimuthal positions as the elecromagnets.
T2 guard fing mataria) 1s stzinless steel which
ar:ficially accelerate the wear rzte. The cathode
th © was used for the endurance test was
fa-Acated by JPL. - erinioved 2 barium oxide

UDPregnated porous wngsten insen for elecy L,
emussion. [lustratons of the thruster are showr,
in figures | and 2.

Figure 1. The face of the D55, The electromagnets are
bcaedumevuﬁmofmcuianglc.

,L inner guard ring outer guard ring

mner

outer
clectromagnet

sobe electromagnet

Figure 2, Adiamsbowingthcpo:itionofthcguard
rings. Thcdztmorlhcﬁngsmplmmdinﬁmﬁ
and 7, showing the erosion profile after 636 hours.

The Wear Test

A 636 hour wear test was performed on the D55
at 1.35 kW at the JPL to evaluate the
performance degradation with time and the
erosion rates o the thruster comporznts. The
performance of the thruster did not chan ge over

The Erosion Measurements

Th2 positioz of the suriace relative o th= cener
of the inner electromagnet surface Seight was
mzasured using a microscope with a ¢ iz fooo!

length readout. The measurements w.r: mag-
every 10% at the inner and ouier edges znd the
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center of the guard rings. The instrument was Magnetic Field Melsurement.! , _
accurate to +/- .025 mm. The topology of the Mmagnetic field was P
determined at the Jet Propulsion Laborato
Propellant Distribution Measurements using stationary Hall probes and rotating thruster 3
The propellant distribution was analyzed at the beneath them. Measuremens were taken every 1
University of Michigan Plasmadynamics and 4° ar the positions noted by the intersections of
Electric Propulsion Laboratory (PEPL). The the grid lines shown in fig. 5. ' P
propellant uniformity was assessed by measuring o - 4
the total gas Stagnauon pressure within a "S83 s E 88 i
cylindrical impact probe since variations in the dE& 2229
flow uniformity should be reflecteq in variations GFAB CcDE 199 -
in the local anode chamber pressure. The 348 f
background pressure was 8E-5 Torr. The probe 207 : 2
consisted of a 12 cm length of 3.2 mm diameter 246
stainless steel tubing. This probe was positioned 1.96 -
In the center of the anode with the probe inlet 7 145 }
mm above the gas distribution ring. The probe 054 F
was fixed, with the thruster mounted to a | 0.3 [
computer-controlled rotary table. Pressure -0.08 1
Mmeasurements were taken in -1/2 degree <ass g
increments through a 360 degree rotation of the :{ﬁ
thruster. The set up is shown below as fig. 3. ianer enode wall 21 g
A MDORL 917
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F:gureﬁ. The D55 anode with the

Ppositions of the 1
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Results
DAG SveTEM

The results included in thispnpcrmgua.rd ring
erosion measurements from gap earlier
investigation[2], discharge chamber

pressure -
measurements, and radja] magnetic field
measurements, -
Figure 3. The eéxperimental set-up for the: E&g&%lgn dﬁmdem::s loncdit: gfg‘m 1
propellant distribution analysis. of the guard ring.sm'facc ‘?'llh;:‘m 10 the lmtgm] s
height of the rings. Only the positions of the
The pressure sensor was an MKS model 317 clectromagnets are noted op the graphs, i
Capacitance Manometer with a full scale output however, these three positions are also the
of I Torr and a sensor zero of lle‘S Torr. The locations 'of the three propellant inlets in the back b
;Lgc;m; f;?m 1315 sensor Wﬁs a_mphll':cd, ﬁllrlclff‘g of the gas distributor. Between the three o
Nalyzed using a Macintos -controlle llant injection h
National Instruments digital data acquisition thay feay njection holes 2nd the twelve okis
Syslem.

that feed the propellant

into the discharge
chamber there is a scrit_:s

of plena 10 improve

propellant distribution uniformity.
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Figures Sa and sp dispiay 3 pattern tha;
corresponds 1o a greater erosion between the
electromagnets for the outer edge of the inner
guard ring at position R1.74. At the two other
radial positions the pattermn is almost reversed,
with surface heighis thart are higher than were
onginally measured. The measurements imply
that some of the matenal eroded off of the outer
edge of the inner guard
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Figure sp. Erosion Profiles on the inper Buard ring at the
noted azimuythg) Ppositions in figu-=s 53

Figures 6a ang 6b show that the stainless sraa]
WS eroded off of the Outer guard ring a; 2 much
Ligher  rage tN2n on the inper ring.  Tha
Sindscidal pauemn has €rosion maxims jip the
POSILIONS beiween the propelian; inlets ang
eleclromagnet, The inner edge of the outer fing

eroded 10 2 maximum depth of 1.26 mm becau
the guard n 2 is flush with the surface of
anode at this depth. This shadowing effec;
the anode prevented further erosion of thar edp:
of the ring; however, the middle of the nng
continues o be eroded beyond the limiting dept:,
set by the anode surface. The only Positions

Eroslon Depth (mm)

Outer Ring

ringa!.lhcﬁuacl'ldi_al "omnomdunthem. The
mdialposilionsnegiv:ninwnﬁmm:s.

(Jiost materiay

F = remairing materig|
Figure 6b. The erosiog profilss ar the noted azimuthal
positions in fig. 6a.

Flow Measuremen:s

he Measurexents ::j-ep o evaluate (hea
uniformity of the prefecilan: are presznied in
f12.7. The twelve poaks correspond to the
nositions of the Propel.ant injets. The data show
5 correlation betweer W2 pattern erched in th-
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guard rings and the mean value of the pressure.
There seems to be no pattern in the pressure
distribution. Although there are fluctuations in
the pressure, the fluctuations measured at both
flow rates are different. From the data obtained,
it seems that the erosion patterns were not caused

by propellant fluctuations.
5.0
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EM cathode EM EM EM
Position (degrees)
Figure 7. The measurements taken inside of the

anode at 625 mm from the 12 distribution boles at 100
scem and S0 scem.

The Magnetic Field Measurements

The measurements of the radial magnetic field
taken in azimuthal sweeps show that the
generated field is non-uniform. Figures 9 and 10
show the fluctuations in the magnetic field at a
few positions compared to the erosion pattern.
The magnitude of the fluctuations decreased with
distance from the exit plane of the thruster,
therefore, a few magnetic field measurement
sweeps were shown from the regions near the
guard rings. The fluctuations are as great as 8%
of the maximum positive radial magnetic field
strength and 170% of the maximum positive axial
field strength. This paper focuses on the radial
magnetic field fluctuations because the radial
magnetic field has a much stronger influence on
the configuration of the electric field than the
axial magnetic field.

The dips in the magnetic field are intensified in
the regions where there are larger gaps between
the magnetic poles and the anode. The Hall
probe was centered in the anode, however, the
anode is not exactly on center with the thruster
and the inner electromagnet. Both the field dips

and the anode placement together show
correlation with the erosion patterns. The general
tendency was that lower magnetic ficld strengths
were associated with higher erosion rates.

Figure 8 shows the magnetic field at position

- B.43 because at positions closer to the inner

guard ring there is a 6% single dip in the field at
168°. This large fluctuation in the magnetic field
strength is generated by the gap between the
inner clectromagnet and the anode. The actual
field fluctuations at the ring surface might be
different.

The pattern etched in the inner guard ring does
not follow any of the magnetic field patterns that
were measured as well as the outer ring followed
E.94 (fig 8). However, the general tendency to
higher erosion rates between the outer
clectromagnet positions for the outer edge of the
ring is consistent. It is believed that the pattern
etched in the ring follows the magnetic field
topology in the region closer to the inner ring and
anode. Because of the size of the probes that
were used, the closest position that could be
evaluated was G.94, however, it is possible that
the majority of the ions were not coming from

this region, but further upstream.
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Figurc 8. A comparison of the inner guard ring erosion to
the azimuthal magnetic ficld variations at the position B
-43 that is illustrated in figure 5.

Figure 9 shows how-the erosion pattern etched
on the outer guard ring matches the magnetic
field non-uniformity. Since the erosion pattern
follows the configuration of the magnetc field in

1
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FOsiLon B NS ivi: mignt have onginated
near e posiion Lo the weak magneuc field
regions the guard nngs were eroded 1o a pattern
that implies trat radialiy directed ions sputtered
the matenal off of the ring until the anode
shadowed the inner edge of the ring. As the
erosion pattern and electric field near the ring
evolved, it 1s possible that the ions were

accelerated from positons further downstreamn of \

the anode.

Outer Ring Erosion Depth (inm)
(ssnen) pragg paulepy

182 B 180 749 300 30

Position (degrees)
Figure 9. A comparison of the outer guard ring erosion to
the azimuthal magnetic field variations at E .94,

The results of this investigation imply that the
non-uniform erosion patterns are generated from
magnetic field non-uniformities because. of the
strong correlation between the erosion and
magnetic field measurements. In the region very
close to the anode, the radial electric fields are
greater than the axial electric fields. If ionization
occurs in these regions, the ions will be
accelerated radially into the guard rings. In.the
weak field regions where the magnetic field
fluctuations are as great as 7% of the field
strength, the diffusion coefficient for electrons
across the magnetic field will increase by 15%.
The eiectrons will choose this path of less

resisiance U e and-de creating elecron densiu-
very ciose o the anode that are greater than in the
regions near the electromagnets. Consequently,
the ionization rates will also be higher in these
regions. lons created in these near-anode
regions, where the radial electric fields are greater
than the axial electric fields, will be accelerated o
the guard rings.

The erosion patterns created on both of the rings
are indicative of etching caused by radially
accelerated ions. It is possible to see the effect of
these ions much better on the outer ring where
the erosion rate was much higher. In the weak
magnetic field regions, the guard ring was
sputtered by the ions until it was flush with the
anode, indicating that the ions were accelerated
out radially. The erosion rates near the outer
electromagnets are much greater than the erosion
rates near the inner electromagnet because the
magnetic field strength is about half that near the
inner electromagnet, shown in fig.10. The radial
magnetic ficld gradients near the inner ring are
double those near the outer ring, therefore, the
axial field strengths are much stronger there. For
an ion to be accelerated into the inner guard ring,
it would have to originate much closer to the ring
than would be required by an ion being
accelerated into the outer ring. Since it is much
more difficult for the electrons to diffuse through
the inner magnetic field region, the erosion rate
of the inner ring should be much lower. This
conclusion was supported by the data.

It is also possible that the erosion non-
uniformities are caused by ion focusing into the
regions between the electromagnets. The ions
are being focused by either the strong magnetic
fields or local electric fields. If the ionization
rates are higher at the electromagnets and the
beam is more divergent, the low energy ions
generated near the anode will be directed to the
guard ring regions between the electromagnets by
an electric field with a Larmour radius on the
order of a few centimeters.
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Figure 10. Thcndia]magnc&cﬁdd(Gum)conmuk:ninmemplmctthinﬁg.d.

after 636 hours were investigated: propellant

In addition to the radial electric fields generated distribution non-unifo:
by the anode-guard ring potential, there could be non-uniformites.
nonuniform ambipolar electric fields that are
focusing the ions into the guard rings. Where the was no correlation betw
neutral particle flow expands out the anode fluctuations in the radial
through a larger angle, the locally generated ions azimuthal s

correlation between the positon of the rear fields, amplified
propellant rear injectors and erosion pattern., the magnetic field dip
However, the pressure measurements were the guard rings.

performed near the back wall of the anode, only
evaluating the propellant distribution in these

regions. It is also possible that the gas jets are investigate this theory further. Plasma potential
expanding differently out of the anode in measurements could be performed to determine
different regions creating azimuthal non-uniform the true structure of the electric field. Flow
ionization rates.

Conclusion

Two possible explanations for the non-uniform
2uard ring erosion patterns generated on the D55

rmities, and magnetic field
The azimuthal ‘pressure
mcasurements in the anode showed that there
een the pressure
magnetic field in the

weeps. The erosion rates were higher
will be closer to the strong radial electric field between the elec

tromagnets where there were
regions where the ions are accelerated into the dips in the magnetic field. It is believed that the

guard rings. This study proved that there was no erosion pattern is caused by local radial electric

in the regions where there were
s, that accelerate ions into

Several investigations can be carried out to

visualization can be done with a plasma discharge
using an electron gun and CCD camera to
determine if the radial neutral particle densi

gradients exist. Spectroscopic methods could be
employed to determine ion velocities in the near
anode region. Another accelerated life test could
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L be performed with periodic evaluation of the
guard ring surface profiles to determine the
— evolution of the guard ring erosion profiles.
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