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Introduction

High power magnetoplasmadynamic (MPD) thruster current level and longevity

are limited by electrode and insulator erosion. As part of a broadly-based

effort to assess erosion rates and to understand and to model erosion processes

the Electric Propulsion Laboratory at Princeton University is pursuing a program

involving development of an in-situ erosion monitoring system, the use of this

system to study thruster behavior, and the development of a predictive model of

the underlying mechanisms.

Two erosion measurement systems were evaluated during the initial (Phase I)

portion of this program'. As part of Lhis study boron nitride insulator erosion

was measured using flush-mounted quartz crystal microbalances (QCM). The high

sensitivity of the microbalance frequency to crystal mass permitted an accurate

measure of the sputter-deposited boron nitride surface loss to be obtained.

While this method is capable of providing a very accurate measure of surface

material loss, its use is limited to low temperature insulator surfaces and

therefore lacks general applicability. Nevertheless, the technique is capable

of providing believable results. In particular, it was discovered that

backplate erosion markedly increases beyond onset and is highest in proximity to

the cathode base t .

The second technique that was evaluated during the first phase involves the

irradiation and transmutation of localized areas (5mm diameter) on the cathode,

anode, and insulator to produce a slightly radioactive (<10 pCi activity) sur-

face layer. A depth/activity calibration curve obtained from an identically

irradiated and prepared test sample permits changes in activity to be accurately

interpreted in terms of surface material loss. It is this surface layer activa-

tion (SLA) method that was selected for further development. Not only does the

SLA technique provide the requisite submicron level accuracy but, most impor-

tantly, it has wide applicability3 , to a broad array of materials and demanding

operating conditions.

This report provides a general summary of the SLA erosion monitoring

method. In addition, the results that have been obtained by application of the

technique to the measurement of erosion behavior of multimegawatt MPD thruster

components are also presented. These test results have permitted tentative

* .r ., P - .-- . . * .
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conclusions concerning general surface loss mechanisms to be drawn.

In the interests of clarity and conciseness, details of the work have been

omitted. A comprehensive archival literature base exists for this work in the

form of monthly technical progress reports which are available from the

Princeton University Engineering Library. These reports have been bound into

yearly compendia which can be obtained by requesting: MAE Report #1672 for 1979,

MAE Report #1673 for 1980, MAE Report #1674 for 1981, MAE Report #1675 for 1982,

MAE Report #1676 for 1983 and MAE 1677 for 1984. Alternatively, individual

monthly reports relating to specific topics can be obtained directly from A.J.

Kelly.

Experimental Apparatus and Procedure

The reference or "full-scale" coaxial thruster configuration shown in

Figure 1 was used for all tests in this study. This configuration was chosen

for several reasons. Not only is there a large experimental data base for this

design, but, of equal importance, the QCM measurements of insulator erosion z

were performed with this geometry. Consequently, a basis for direct comparison

of the two measurement techniques is available.

As depicted in the figure, a 10 cm long by 1.9 cm diameter thoriated

tungsten cathode, mounted on the centerline of the thruster, is separated from

the 18.7 cm outer diameter, 10.2 cm inner diameter copper anode by boron nitride

and lucite insulators which form the backplate and sidewalls of the 12.7

cm diameter by 5.1 cm deep thrust chamber. Argon propellant, injected through a

high speed solenoid valve, is distributed by an annulus in the boron-nitirde

backplate surrounding the cathode and enters the interelectrode zone via twelve

equispaced 3mm holes circularly arrayed at a radius of 3.8 cm.

The thruster assembly, mounted for test in a fiberglas vacuum tank 1.8 m

in diameter and 4.8 m long, as shown in Figure 2, experiences prerun pressures

of about 10(-5) torr. The arc current is provided by a 3000 WF pulse forming

network producing up to 30 kiloamperes in 1 msec rectangular pulses or up to 15

kiloamps in 2 msec pulses.
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As indicated in Figure 1 and the photos of Figure 3, one 0.5 cm diameter

"spot" on the tungsten cathode, copper anode, and boron nitride backplate was

activated by bombardment with a high energy alpha or proton beam. The cathode

and backplate spot positions were chosen on the basis of spectroscopic data and

the QCM experiment results which showed erosion to be most severe in these

regions, that is, at the base of the cathode and close to the cathode on the

backplate. The anode was irradiated on the downstream plane face radially out-

ward and in the proximity to the lip radius.

The isotope and beam parameters used for these tests are shown in Table 1.

Isotope selection is based on a number of considerations, all of which have had

to be addressed to obtain meaningful results. Target surface disruption is

limited by selecting the beam energy that corresponds to the maximum collision

cross-section for the desired transmutation irradiation. Beam energy also

determines the depth of penetration and therefore the activity depth profile,

with overall activity level being determined by the total charge transfer. In

addition, the specific isotopes to be used are chosen to have half-lives which

are sufficiently long to permit an adequate time for testing. Over and above

these considerations, the activated depth must be capable of providing a detec-

table erosion-related change after a reasonable number of shots (<1000). Added

to all of this is the requirement that the resultant gamma ray spectrum be well

defined and distinct from others used in the experiment. Finally, the activity

levels were chosen to provide a strong gamma signal consistent with nuclear

safety regulations and the desire to involve an absolute minimum of irradiated

material in the experiment. With effort all of these disparate factors can be

simultaneously satisfied as is evidenced by the spectrum of Figure 4 where the

distinct, well separated photopeaks produced by the three isotopes Os18 5

(tungsten), Zn6 5  (copper), and Be7 (boron nitride), are displayed.

The gamma radiation produced by the irradiated spots is only slightly

attenuated by the surrounding thruster body. Consequently, a 5" by 5" Nal (TI)

scintillator crystal mounted in juxtaposition to the thruster can detect these

emissions and provide a low noise output that is approximately proportional to
the gamma ray energy. Once collected by a multi-channel analyzer the spectra

3
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are analyzed. The background radiation from each of the three photopeaks is

automatically subtracted by using a linear approximation involving the fitting

of a line to four points at each end of the particular range of interest, as is

illustrated in Figure 5. The countrate is then determined from the collection

time and the counts in each photopeak. This countrate, when normalized by the

pre-firing count-rate and corrected for natural decay, is a direct measure of

the existing material activity level.

The eroded depth is determined by comparing this normalized activity level

with the previously generated activity-depth profile curves. These depth

profiles are obtained by first irradiating copper, tungsten, and boron nitride

samples formed from the same materials and handled in precisely the same manner

as the thruster components. Precision lapping of the surfaces then permits an

accurate depth-activity profile to be developed. Profiles for the three

materials are shown in Figures 6-8, where the +'s are from samples irradiated to

about 1.5 microcuries and the *'s are from samples irradiated to about twice

that level. The profiles are seen to be independent of the intensity of the

activity and can be used with confidence to measure mass loss from similar

materials providing the test item is irradiated in accordance with the con-

ditions noted in Table 1.

A mass flow rate of three grams per second was used throughout all of the

individual test sequences noted in Table 2. All told, the thruster testing

involved some 24,420 discharges representing a total charge transfer of 461,975

Coulombs. Four current levels -- 10,15,23, and 27 kiloamperes - were examined,

with particular emphasis being placed on the 23 kiloamperes discharges, which

should have been near or above the thruster onset current. A pulse length of 1

msec was used for all except one test sequence in which 2 msec pulses at 15

kiloamps were used to evaluate the influence of start/stop transients on ero-

s'on.

Results and Discussion

Thruster Operation

The test thruster terminal voltage current characteristic data are sum-

marized in Figure 9. For comparison purposes the results obtained from a
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similar thruster' studied by Kaplan are also displayed in this figure. The

general scatter and the overall behavioral pattern of these data, each point of

which represents the mean voltage of a number of shots at fixed voltage, reflect

the operational peculiarities of this device. The clearly defined divergence

that exists between the two data sets at high current indicates that additional

mass, over and above the nominal injected mass flow rate, was present during the

erosion tests.

In addition, a number of the 15 kA, voltage traces exhibited an unusual

stepped behavior. During normal operation, the voltage starts at some high

value, drops to a quasi-steady value during breakdown, remains at this level

until the end of the current pulse, whereupon it decays rapidly to zero, cf.

Figure 10. In contrast to this, for the first two test run sequence at 15 kA,

approximately 40% of the voltage traces were similar to the one shown in Figure

10, where the voltage steps up to a second quasi-steady level in the middle of

the current pulse. In the final run sequence at 15 kA, approximately 70% of the

traces were of this form. The voltage mean of the lower half of the stepped

* traces is plotted as squares in Figure 9 and the upper plateau voltages are

displayed as triangles. As can be noted, the observed voltages for the first

half of the current pulse correspond more closely with previous test data than

do those of the latter portion. It is doubtful that this can be attributed to

additional mass flow into the thruster, but more likely is due to a transition

from one mode of arc behavior to another, such as from a diffuse discharge to a

spoked discharge attaching preferentially in one location.

Post-test inspection of the thruster revealed that indeed there was an

additional source of mass present, lending credance to the inference from the

terminal voltage characteristico. The lucite insulator that formed the

sidewalls of the thrust chamber was found to be heavily eroded (cf Figure 11).

Moreover, as displayed in Figure 12, adjacent portions of the cathode were

coated with a heavy (-0.5 m thick) carbonaceous layer presumably formed by con-

densation of lucite decomposition products.

Inspection of the lucite sidewall revealed that approximation 8 mL of the

methylacrylate were ablated. If this material was uniformly ablated over the

5* .4..
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course of the 24,420 discharges of the test program, the flow of ablation pro-

ducts would have added about 1 g/s to the nominal 3 g/s of argon propellant

flowrate. Further, if full dissociation of the relatively low molecular weight

ablated material is assumed, the corresponding number density of the lucite and

argon would have been quite similar. It must be concluded that the true mass

flow rate and propellant composition for the test sequence are uncertain and

could have fluctuated within broad limits during the experiment.

Component Erosion

Although cathode erosion was measured at all current levels, no decrease in

activity due to erosion was observed in the irradiated spots on the copper anode

or on the boron nitride backplate. This contrasts with earlier QCM experiments

which showed significant insulator ablation during operation above the onset

current. These measurements indicated that for this thruster configuration

onset occurs at about 22 kA during operation at 3 g/sec. Consequently, the

tests at current levels above 22 kA should have produced detectable erosion of

the boron nitride. As indicated by the data of Figure 13, which shows wide

fluctuations in the current at which the 10% hash, onset condition was measured,

it is difficult to confirm whether any of the test points were actually above

onset. The additional mass from the lucite insulator ablation probably has

raised the onset current to a level beyond the maximum test currents used. In

addition, the depth calibration curve for boron nitride displayed in Figure 7

indicates a relative insensitivity of activity level with depth for approxima-

tely the first 10 microns. Therefore, although there were no measurable indica-

tions of gross insulator ablation, there may well have been some erosion present

and masked by the insensitivity of the technique in this regime. It must be

,;oncluded that the combination of operating condition variability and depth

calibration insensitivity conspire to limit the results of this analysis to the

general statement that it is not inconsistent with previous QCM observations.

1he failure to measure erosion of the copper anode is more surprising. Not

only did post run visual inspection of the anode show heavy arc attachment

damage to the radius of the anode lip, clearly visible in Figure 14, but a com-

parison of the copper and tungsten depth calibration curves of Figures 6 and 8

I
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shows them to have a comparably high sensitivity. Consequently, the erosive

loss of submicron amounts of material from the activated spot would have pro-

duced detectable changes in the activity level. This permits the unambiguous

conclusion that no mass removal occurred from the activated spot position. A

possible explanation for this is that the highest current concentration occurs

on the lip radius and not on the face. This conjecture is supported by previous

current mapping of a similar anode structure s which shows that the activated

spot is indeed located in a region of lower current density than is present on

the adjacent lip position.

The fact that cathode erosion is present at all current levels indicates

that removal of cathode material is an inherent feature of MPD thruster opera-

*' tion consistent with Ho's spectroscopic observationsG. The plots of cathode

erosion as a function of the total number of discharges, Figure 15, and as a

function of the charge transfer in Figure 16, indicate a roughly linear rela-

tionship between the eroded depth and number of discharges or charge transfer.

However, variations of erosion rate with current among the nine level are

obviously present. Linear fits to the entire set of data from the nine tests

gives these relationships for the erosion rate:

E = 0.582 w/1O 3 dischargesr
5

E = 3.33 P/1O C
r

If the erosion is assumed to be uniform over the cathode surface, the mass

loss rate would correspond to an erosion rate of 4.43 pg/C, a rate which is in

good agreement with Kuriki's measurements'. The data points for each of the

nine test sets produced very good linear fits, which are listed as erosion rates

in columns (6) and (7) of Table 2. Comparison of these nine data correlations

permits several important observations to be made. First, the erosion rates

calculated from the different test sequences at 15 and 23 kA are widely scat-

tered, masking any relationship between eroded depth and current level.

Interestingly the close linear fit apparent within each of the nine data sets

argues against interpreting this scatter in terms of shot to shot mass flow

fluctuations. These factors notwithstanding, there is now clear evidence tcr

7
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cathode erosion being controlled by current flow without a minimum threshold.

Secondly, the data obtained at 15 and 23 kA indicate that the erosion rate

decreases with eroded depth. One possible explanation for this relates to the

variation in material properties with depth due to radiation damage sustained

during activation of the spot. This factor will be studied as a part of our

future work. Finally, comparison of the data sets obtained at 15 kA with dif-

ferent current pulse lengths shows an erosion rate for the 2 msec run

approximately twice that of the 1 msec runs. This provides, albeit tentative,

first evidence that the erosion rate may be more closely dependent on charge

transfer than on the number of start-up or decay transients.

Summary

Localized areas on the copper anode, tungsten cathode, and boron nitride

insulator of an MPD thruster were irradiated to produce a low level of nuclear

activity. The activity of these regions permits a direct, quantitative measure-

ment of surface material loss. The eroded depth was related to the observed

decrease in activity by using previously measured profiles of normalized acti-

vity versus depth. Measurement of these depth profiles for the thruster

materials at two different activity levels demonstrates that these profiles are

independent of activity level.

Operation of the thruster for 24,420 discharges at different current levels

and current pulse lengths produced no significant anode or insulator erosion.

Although the anode was visibly eroded on the lip, the face of the anode where

the activated spot was located did not ablate. The insulator probably remained

undamaged because additional mass from ablation of a lucite sidewall prevented

operation above the onset current where heavy insulator erosion is typical. In

addition, insensitivity of the method to eroded depths less than ten microns may

have masked some erosion.

Cathode erosion was found at all current levels, indicating that this is an

inherent feature of MPD operation. Erosion is linearly related to the charge

transfer, and occurs at a rate of 4.43 pg/C, under the assumption of uniform

erosion over the cathode surface. Variation of erosion rate with current level

was observed, but the data were scattered. This scatter may have been due to

b ,



fluctuations in the mass flow rate caused by either lucite sidewall ablation or

to changes in material properties with depth due to radiation damage. A test

sequence at 15 kA with two different pulse lengths indicates that the erosion

rate is relatively insensitive to the number of start-ups and decay transients.

These data represent the first in situ quantitative measurement of multimegawatt

MPD thruster component erosion and serve as a detailed guide to further

research.

Future Research

The flared anode thruster configuration shown in Figure 13 will be tested

using the SLA technique with activated spots in the indicated positions. This

design is a half-scale version of a thruster tested recently at Princeton. The

planned test sequence involves continued variation of current level and mass

flow in an attempt to explain the scatter of erosion rate with current observed

with the full-scale reference thruster. In addition, use of refractory

materials in the mass injection system will permit operation of this thruster at

a higher pulse rate than has been heretofore possible. This will allow investi-

gation of the effect of higher steady state temperatures on erosion rate.

Operation of this half-scale thruster at mass flow rates will make it possible

to explore the post onset current region in some depth, where evidence of insu-

lator ablation should be manifest. Irradiation of a spot on the copper anode

corresponding to the point of maximum current attachment should also make anode

erosion detectable. Simultaneous diagnostic probing of an identical thruster

mounted in another test facility will provide information on interelectrode

current profiles at different operating conditions, and permit correlation with

the erosion data. The effect of radiation damage on the mechanical properties

of the irradiated spots will also be investigated in a continuing effort to

determine the validity of the Surface Layer Activation technique.

9
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TABLE 1

ACTIVATION PARAMETERS

TARGET

W Cu BN

. Isotope Os18 5  Zn6 5  Be7

Beam Energy 26 MeV Alphas 4.92 MeV Protons 4.92 MeV Protons

On Target 23 MeV Alphas 4.25 MeV Protons 2.4 MeV Protons

Beam Energy

Aluminum Degrader =2.2 Mil =1.3 Mil =5.1 Mil
Thickness

Total Charge 30.67 mC 67.35 mC 22.25 mC
on Target

Activity Level 1.4 1p Ci 1.504 Ci O.74p Ci

(of above isotope)

Production Rate 0.046 PCi/mC 0.026 pCi/mC 0.033 PCi/mC

ii



TABLE 2

TEST SEQUENCE AND CATHODE EROSION DATA SUMMARY

ORDERED BY CURRENT AND DEPTH RANGE

Run# Discharges Current Pulse Depth Erosion Erosion
(ka) Length Range Rate Rate

(msec) (jAm) (Wm/1000 (Am/lO
discharges) Coulombs)

7 4656 10 1 10.03-11.91 0.39 3.9

4 975 15 2 5.33-7.04 1.7 5.7

6 2849 15 1 8.27-10.03 0.68 4.4

8 3954 15 1 11.91-13.97 0.52 3.4

1 2478 23 1 1.10-3.12 1.0 4.5

3 620 23 1 4.42-5.33 1.5 6.4

5 2433 23 1 7.04-8.27 0.41 2.0
9 3832 23 1 13.97-15.20 0.34 1.5

2 2623 27 1 3.12-4.42 0.5 1.9
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0 - IRRADIATED POSITIONS

FIGURE 1: BENCHMARK THRUSTER
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REMOVABLE
MYLAR LINER

FIBERGLASS
VACUUM TANK

DETECTOR ACTIVATED

HP9816 ANALYZERm

THRUST STAND

1 EE

* FIGURE 2: VACUUM FACILITY
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IRRADIATED COPPER ANODE

IRRADIATED BORON NITRIDE
BACKPLATE

• 0°

.11

IRRADIATED TUNGSTEN CATHODE

FIGURE 3 IRRADIATED COMPONENTS
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TYPICAL VOLTAGE TRACE

IRREGULAR "STEPPED" VOLTAGE TRACE

FIGURE 10: OSCILLOSCOPE CURRENT AND
VOLTAGE TRACES
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FIGURE 11: POST-RUN PHOTO OF LUCITE INSULATOR
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COPPER ANODE

E3,-w BORON NITRIDE BACKPLATE

--\TUJNGSTEN CATHODE

CENTIMETERS
0 1 2 3 4
L I

0- IRRADIATED POSITIONS

FIGURE 17: HALF-SCALE
FLARED ANODE THRUSTER
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