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INTRODUCTION

Because magnetoplasmadynamic (MPD) thrusters are inherently low thrust devices,
operation for hundreds tc thousands of hours will be required to impart useful levels of total
impulse. Experience at Princcton!-2 and in other laboratories34 indicates that the cathode of these
devices suffers the most severe damage in the hostile environment of the high current discharge,
therefore representing the life-limiting component. To explore the physical mechanisms
responsible for cathode degradation, a new diagnostic tool has been developed, the surface layer
activation (SLA) technique, to monitor erosive loss. This method was chosen in the Phase |
portion of this contract from several alternatives because it provides highly accurate, in-situ
measurements of erosive mass loss and can be readily applied to a wide variety of materials and
environments. Concurrent programs of erosion measurement on experimental MPD thrusters
using this technique and supporting analytical modelling of the erosiou process are now being
pursued.

The SLA diagnostic technigue reiies upon the production of a radioactive tracer in a tiurn 'iyer
near the cathode surface by nuclear activation. Monitoring changes in the activity level during
thruster operation provides a direct measure of the amount of the activated layer removed by the
destructive plasma-surface interaction. Partial results of preliminary tests of the technique have
aiready been reported!. The purpose of this paper is to provide the completed set of preliminary
data, discuss substantal improvements which make surface layer activation a practical tool, and
describe the curmrent direcuion of the experimental program.

In the interests of clarity and conciseness, many details of the work have been omitted. A
comprehensive archival literature base exis.s for this woih i the form of monthly technical
progress reports which are available from the Princeton University Engineering Library. The
documents for this reporting period have been bound into yearly compendia which can be obtained
by requesting MAE Report #1678 for 1985 and MAE Report #1679 for 1986. Alternatively,
individual monthly reports relating to specific topics car be obtained directly from A.J. Kelly.

PRELIMINARY TESTS ON A HALF-SCALE FLARED ANODE THRUSTER
APPARATUS AND PROCEDURE

The coaxial thruster configuration shown in Figure 1 was chosen for the second test of the
surface layer activation technique because prelirinary performance data’ indicated that this design
is superior to the benchmark configuration studied in the first test. In this design, a high speed
solenoid valve controls the injection of argon through the boron nitride backplate via an annulus
surrounding the central 2% thoriated tungsten cathode and by 12 small holes arrayed on a circle
near the copper anode. The thruster was mounted in a fiberglass vacuum tank 1.8 m in diameter
and 4.8 m long, which was typically maintained at a pressure of about 10-3 torr. One msec
duration rectangular current pulses were supplied by a 3000 uF, 175 kJ pulse-forming network.

The activanon process will be discussed in detail in the next section; however, a brief
descniption of the activation and data reduction used in this experiment is included here to
demonstrate several deficiencies which have subsequently been corrected. Gamma emitting
radionuclide tracers were produced by activating small spots 5 mm in diameter on the tungsten
cathode, copper anode, and boron nitride backplate at the Princeton Cyclotron using the parameters
listed in Table 1. These spots were placed at positions of maximum current densityS where the
most severe erosion presumably occurs. The resulting activity was monitored by observing
prominent photopeaks in the gamma ray spectrum, which was collected with standard radiation
detection equipment mounted outside the thruster. Gamma rays absorbed by a Bicron 5x5 inch
Nal(T1) scintillator crystal produce a number of photons proportional to the gamma energy. The
photons are detected with a photomnultiplier tube, which produces voltage pulses that are then read




and displayed as the nurnber of detecied decay events (counts) in a particular energy rai g
(channel) by a Canberra Series 35 mulidchannel analyzer. The composite gamma ray spectrum of
the lab background and the three isotopes produced in the activation is shown in Figure 2

The activity of each source is proportional to the number of counts in the photopeak, which
was determined by subtracting the background which is assumed to be linear and summung ihe
remaining counts, as shown in Figure 3. To relate the fraction of the original activity remaining 10
the amount of material removed by erosion, the distribution of the radioactive tracer in the activated
layer must be known. This was determined® by repetitively lapping thin layers from an irradiated
sample of the material of interest and determining the remaining activity to produce a calibration
curve such as that plotted in Figure 4.

The test sequence for this experiment consisted of 10,000 1 msec long discharges at an argon
mass flow rate of 2.2 g/s and a current leve! of 9.6 kA (below the caset current), followed by
4000, 1 msec discharges at 0.75 g/s and 12 kA (above onset). The activities of the three isotopes
were measured periodically during this sequence to determine the cumulative material losses.

RESULTS

No anode or backplate erosion was detected for either operating conditicn. The cumulauve
cathode mass loss per unit surface area is plotted in Figure S as a function of the number of
discharges “or both operating conditions. Figure 6 displays the same data plotted against the tot:!
charge transferred through the cathode; however, because the eroded mass is more likely a functio
of the local current density in the activated spot, which may have differed for the two operating
conditions, comparisons of the two sets may not be valid. The most striking characteristic of the
data is that regions of strongly linear behavior are separated by regions of discontinuous mass o<
a behavior not fuund in the first application of the techniquelZ. As shown in the figures. the
continuous regions are well represented by straight line fits which yield the erosion rates histed in:
Table 2, which are similar to weight loss measurements made at Stuttgart’ and Tokyo3.

Although no surface distortion in the activated spot was visible on a macroscopic or
microscopic scale prior to the test, after the 14,000 discharges the spot was clearly visible as a
shallow depression with a flat floor and a im of tungsten that apparently melted and peeled av 2v
from the center. A similar blister was found on the cathode used in the first test of the technique.
Inspection of the cathode surface under an optical microscope revealed a number of pits or craters
which were densely packed and very distinct at the tip, less dense ard distinguishatle in the center
and very indistinct at the buse, where large scale surface melung and flowing had occurred. Unde:
moderate magnification, small metailic spheres, apparently tungsten, were visibie on the backplate
near the annular injection port which surrounds the cathode.

Much smaller scale cratering was evident under a scanning electron microscope, typified by
the photomicrograph in Figure 7. The tvpical crater diameter was 1 to 5 microns at the tip and the
base, and 1-2 microns in the center. No qualitative differences or general differences in scale could
be discerned on a microscopic level between the irradiated spot and regions surrounding it. O~
the larger pits visible in the optical microscope was examined with the SEM, and appeared

as a depression 6(0-70 microns in diameter thickiy overlaid wath the sn..ler craters. Su' o ron
wide cracks in the surface were visibie in ali regions,

DISCUSSION

The appearance of the activated spot after the experiment strongly suggests that atypical
surface damage occurred, probably due to material property changes induced by the high energy
ion bombardment which produced the radioactive tracer. The fraction of tungsten transmuted to
18505 was O(10-12). 50 1ts presence as an impurity could not be responsible. A more likely
explanation is that radiation damage from the 23 MeV a-particles used tor the activation caused the
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rupture of the surface during the experiment. Gross foss of material from the peeled back edges of
the region may have been responsibie for the discontinuous jumps in the erosion data.  Concemn
that the measurement process 1s significantly disturbing the measured phenomenon motivated a
critical examination of the activation process, which culminated in the defi..ition of criteria
governing the choice of an activation scheme capable of providing honest estimates of surface
degradation. The results of that study are summarized in the next section.

The validity of the erosion rates obtained from the continuous portions of the data are
defensible on the basis of the quahitative sim:larity between the microscopic erosion structures
found in the activated spot and the undisturbed regions around it and the reasonable agreement with
other measurements. Assuming similar erosion rates over the entire cathode yields an erosion rate
of about 1 pug/C, or approximately 0.01 g/s a: 10 kA, which is clearly unacceptably high for a
practical device.

On cold cathode surtaces current continuily 1S nuintained primarily through a number of
small emission sites where the local temperature 1s extremely high, liberating electrons from the
surface through a combination of thermal and ficld emission. The photomicrographs of the
cathode surface confirm that the erosion processes occur primarily in localized microspots
correspending 1o the enussion sites where icinperatures exceed the melting temperature. The photo-
micrographs showing moiten wungsten splashed trom these sites and the wngsten droplets found
on the backp:ai. ndicar= that droplet erosion may be a significant component of the mass flux from
the cathode surta.¢, wu, i 2k the high local temperatures 2lso imply high evaporation rates. The
appedrance of larger pits aroun i 00 microns in diameter and the smaller craters 1-5 microns in
diameter suggests that two types of arc attachment may occur. This is consistent with
Rakhovskii's observations of a vacuum “‘scharge using high speed photographic techniques8. He
found two types of iuminous spots--fasi moving spots that left small craters and slower ones that
tended to cluster and cause more extensive damage.

Evidence exists tha. when the bulk cathode surface temperature becomes sufficiently high,
diffuse thermionic emission provides sufficient current and the local melting associated with the
microsnet mnde of emission does not occur, allowing an erosion rate several orders of magnitude
tower than that experienced with cold cathode bulk temperatures’. This provides some hope that
steady state thrusters in which the cathode is heated by the discharge may have acceptable cathode
lifetimes. The next stage of experimentation described in the final section of this paper is designed
to explore this regime of cathode operation.

ANALYSIS OF THE SURFACE I.AYER ACTIVATION TECHNIQUE

Two critical operations compose the the SLA mass loss measurement technique. First, a
suitable gamma-emitting Tacer must be produced in a thin surface layer; second, the change in
acuvity of this source as it erodes must be determined. The activation and spectrum analysis
fundamentals will be introduced next to establish the processes and terminology used subsequently
in defining criteria for successful application of the technique. Finally, a new activation scheme
will be presented which more satisfactorily meets these criteria than that used in the preliminary
tests, and which is conzcptually capable of providing a direct measure of the extent of surface
pitting.

PRODUCTION OF THE RADIOACTIVE TRACER

The key to the SLA technique is the depth calibration curve, which relates the observable
acuvity decline to the desired measurement of mass loss. As intimated earlier, this relationship is
dependent on the distribution of the radionuclide beneath the surface. Because this technique relies
on a nuclear reaction in the target surface excited by a high energy ion beam, the resulting
distribution is dependent on the physics of that interaction. The density of the radioactive atoms n,
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accvated area, which is w1 fact the process used to generate empincal depth calibration curves.
This calibration relation is expressed theoretically as

EpmA) = ([ ngmydn) /([ ngmydn) (5)
O O

where &(py1'A) is the fractional activity rernaining after a layer of thickness 1" and area A has been
removed and 1y is the depth of the activaicd layer measurcd perpendicuiar to the surface. Of
course, for data analysis the inverse relation is required. Figure 10 demonstrates the agreement
between the measured depth calibration curves and the curve generated by integrating the calculated
density for the copper acuvation. The close correspondence between the modelling and experiment
indicates that the ultimate utility of theoretcally generating depth calibration curves is limited only
by the availability of appropriate cross-section data.

ANALYSIS OF THE RESULTING GAMMA 5O TRUM

Two methods of collecting and analyzing activity change data have been developed. The first
relies on a comparison of the gamma specirum after uperation of the thruster with the iniual
spectrum, which yields the total activity chanye occumng duning operation. This method is simple
and highly accurate if the correct apprcach is used, as described next. The second method involves
monitoring the countrate of a portior of the spectral region during operation, and while it is not as
accurate, it allows real-time, time-resolved mass loss measurement.

The spectrum analysis method used in the prelirninary tests relied on a linear £yproximation
for the background spectrum, an assumption that is in general not justified, particularly when
photopeaks overlap, as the 7Be and 1850s peaks do in Figure 2. Not the least worrisome aspect
of this approximation is that the error cannot be estimated reliably. The following method is much
more sound theoretically and has been tested and found to eliminate virtually all of the uncertainty
in the activity measurement.

The assumptions underlying this method of spectrum resolution are!:

a) The sample spectrum is produced by a combination of known isotopes.

b) The response function of the detector for each isotope is known and is independent of
the activity level.

¢) The sample spectrum is a linear combination of the response functions of the
component isotopes.

d) Each component has a different spectrum, all of which are linearly independent.

The first of these is easilv met in this experiment, since the isotopes produced in the activation are
known, The response function required 1n (b) can be deicrmined by wcasuring the shape of the
gamma spectrum of an isolated source with the same detector-source geometry to be used in the
experiment, provided the count rate is low enough to avoid coincidence summing errors. (c) is
also valid if the count rate is low enough, and can be expressed as

Ni = Zxg Ay + § (6)
k

where Nj is the number of counts in channel i, x| is the intensity of radioisotope k relative to the
measured response function (the fractional activity, if the response function is measured from the
activated component prior to erosion), A; is the number of counts in channel i in the response
functon for isotope k, and g is the measurement error. The background can be considered one of
the source spectra or measured separately and subtracted out to produce pure source spectra.
Assumption (d) must be met by a careful selection of isotopes.
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whion iy similar to that used to calculate the density of acuvated atoms. Here ngis the density of
taget atoms and oy 18 the cross-section ror displacing lattice atoms. The cross-section for energy
transfer greater than that required for displacement can be approximated for energies above a few
keV using the Rutherford formula, which describes Coulomb interactions between the bombarding
and target nuclei2!. This equation is inverscly proportional to incident particle energy, reflecting
the fact that at high energies most of the energy loss is duc to interaction with the target atom
electrons, not the nuclei. This guarantees that most of the radiation damage will occur near the
mean depth of penetration where the incident particle energy is lowest. The number density of
displacements is found by multiplying the number of primary knock-ons by the average number of
defects produced per pka, which is calculated by averaging over the Rutherford cross-section?!.

Figure 11 shows the damage profile in teriis of the number of displacements per target atom
(dpa) for 23 MeV alphas on tungsten at the dos= used in the preliminary tests. As indicated above,
the damage peaks near the mean depth of renerrauon. The damage is about 1 dpa for most of the
path, but jumps to several hundred dpa near the ¢nd. in other words, each target atom 1s knocked
trom its lattice site several hundred dmes duning the acavation. Figure 12 shows the distribution
of implanted He for tiie alpha activation acauniog 4 grassian centered on the mean depth of
penetration with the spread given by Zieufe: 70 bier is Laved on the range straggling calculations
of reference 22. The He concentration reach.s a peisk of aboet 5% or 56,000 ppm at the mean
depth of peneiration.

Although the detaiied kiaetics have act baen exaniined, it 1s not unreasonable to conclude that
the problems encountered with the aipha activation were caused by the combination of a high
concentration of implanted He coincident with the highly damaged region at the mean depth of
penetration. The combination almost guaruntees cavity formatorn, which was probably aggravated
by the elevated temperatures encountered during operation. The cavities may have coalesced into a
blister which ruptured, or tiic high density of smaller discrete cavities may have decreased the heat
conduction into the cathode bulk enough to overheat and preferentially melt the 70 micron layer
above it. The jumps seen in the preliminary mass loss data could have been caused by episodic
loss of gross amounts of material in the molten layer.

For metals, it is recommended that the dose not exceed about 1016 em-2 to avoid changes in
the target properties?3. This maximum allowable dose places a limit on the quantity of radioactive
product generated per unit area. The reaction must therefore have a high enough yield to give a
sufficient initial activity R within this limit:

where A is the surface area exposed to the bean.

The limit on allowable dose can be expressed as the area which must be irradiated at the
maximum dose to give an acceptable level of activity. In other words, one can compensate for a
low yield reaction by irradiating a larger area. This method of compensation obviously competes
with the need to irradiate small areas to obtain spatially resolved data. For the cathode, high spatial
resolution is only required in the axial direction if axisymmetry is assumed. Therefore, a
circumferential zone can be irradiated instead of a spot to increase the area without sacnificing axial
resolution. However, because of attenuation through the tungsten cathode only a certain fraction
of the total activity can be observed perpendicular to the cathode axis. For a | cm diameter cathode
this fraction is about 68%.

2 Ad R ion Cross-section Shi
The depth ot activation and the shape of the radioisotope density profile are dependent on the




beam energy and the shape of the cross-section curve at and below the heam energv. The
tollowing requirements form crmterae tear tasy be satisiie:d by proper cion e of ynodent poee e
energy and reaction

o Activation Dentl

The activated layer should be sufficiendy deep that data can be collected for a reasonable
period of operating time and so that the craters characteristic of arc damage do not puncture the

layer. These considerations must be balanced against the required sensiuvity of the technique. The

fracuonal change in acuvity level 1s roughly the same ay the fraction of the activaied laver remos o
Therefore, if it is possibie 10 detect a 1% change i acuvity, for instance, then the sensitivity s
limited to about 1% of tic activated depth, andas inversely proportional the thichness of the faver

b._Activation Profi

The density profilc of the radioactive tracer is important because of 1ts effect or the
interpretation of the data. The measured depth calibration curves assime mass lossn the for-
thin uniform layers. As explained above, a difterent depth cahibration is required it the geonke
matcndl loss differs from that assumed and significant hiases can be introduced 1+ waing an
inappropriate depth calibrinion Phe ratto of the actiab imass 1088 w0 that cade viated ustiig the thin
Jice depth onbibrunen o

e Pyav o A

where 7 o< the thickness of o shoe gving as equivalent activity chan

Jumaay - Al ngdn

Fornstarce, remov s eazaier v srmall Fape p'wrical craters rather than vnddorm shices from
cathode actvated vt 23 Mo o0 panti o produces the bias plotted in Brere 10 Unforaner
as the plot shows, the biasis a function o swrting depth, surface damage saalc and surtace
damage geometry. For the largest crater diameter, the underestimation in mass loss occurs when
the crater punches through the activated layer. For the smaller craters. the effect is due to the
aon-uniferm distribunion of the radioncone . As equazion (11 shows 1if the radioisotope den<in
were umnform, the volumes »f the actead aeage o d she enqubadert clive wouid be equall rendde: -
the data interpretason indepe P 5

The AII(M able deviation frem a urifors deraty profile depends on the desired accuracy ari!
15 difficult to define precisely. since the bias dcpend‘ inherently on th- expected geometry of
material removal. Caleulstiors can be performed o compare specific activation schemes, however
In additior, nonuniform crosioe can tw tudicd with an actiy dunn s hcmc which produces two
radiotsotopes waith LfE rent depth dl A7 tonee Comparison of chanzes inoactivity of the
WO Soum ey can toaen e w wr e geomctry of mans hiss elaxang o some extent the
requirement Yor prode i oy 47":;’; rosadig an ever e detatled meryre of the erosion
process.

3. Usable Reaction Froducts,
The radioisotopes praduced by the maction should meet these requirement .
The combined effect of natural deces aod mase loss must not reduce the activity below

detecubie L iy betore the eveerinent o oo pleted Thic obhyiousds depend o the mttal actioe,
e half-ite of the feotope 00 macd loas duting the experiment. These parameters can b
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examined in detail for a particular experiment and desired accuracy, keeping in mind that low
acavity levels can be somewhat compensated for by longer counting times, but it is a good rule of
thumb not to plan an experiment lasting longer than three half-lix os.

For the least-squares method of spectrum analysis to resolve spectra wih multiple sources,
the response functions of those sources must be linearly independent. So, if several isotopes are

produced in a single component, or if several activated components contribute to the spectrum,
their individual spectra must be sufficiently different to allow precise resolution.

¢. Measurable Response Functions,

Another requirement dictated by the least squares method is that it be possible to obtain
single-source response functions, which is casily satisfied for activation schemes which yield only
one gamma emitter. For those activations which produce more than one isotope, however, there
must be some method of measuring the indrvidual spectra. For isotopes with different half-lives
or different depth profiles it may be possible to 1solate one isoicpe by allowing the shorter lived
ones to decay sufficiently or by lapping off ihcse with shallower profiles. In addition, a number of
pure sources are available commercially.

THE IMPROVED ACTIVATION PRUCEDUKE

Table 3 compares the tungsten astivation scheine uscd in the preliminary tests with the
deuteron activation chosen for subsequent experiments on the basis of the criteria given ahove.
The results of the preliminary tests with the «-activation demonstrate the consequences of
exceeding the dose limit for avoiding structural damage. The new deuteron activation produces
several isotopes with a much larger yield, affording extremely good spatial resolution thhn the
allowable dose limits. Figure 14 shows that the deuteron activation produces less than 1073 dpa
for most of the depth and peaks at only about 1 dpa below the activated layer, permitting the
conclusion that radiation ge and cffcds will not affect the results of the measurement.

The depth of activation for the 184Re is about 100 microns, much thicker than that of the
reactions. This allows the benefits of thicker layers, but sacrifices some depth resolution. To
regain that resolution however, the activated layer can be compressed by irradiating at an angle -
the surface. Figure 15 displays the depth calibration curve for this reaction measured on a targe.
irradiated at an angle of 750 from the normal, compressing the layer by a factor of 4.

The linearity of the depth calibration curve reflacts the more uniform density of radioactive
tracer associated with this activation. The ratio of actual mass loss to measured mass loss for this
profile is plotted in F:éure 16, demonstrating much less non-uniformity bias than the o activation.
It was hoped that the 182Ta produced in this activation could be used as a second layer to study the
surface damage geometry, but thc reaction yield is too low to provide usable levels of activity. It
may still be possible to use the 182Re since it has a sufficiently high yield, but its short half-life
severely limits its useful lifetime.

The deuteron activation produces a number of other intense isotopes, but most of these are
very short-lived and decay to negli %1blc levels within days. About 3 weeks after activation the
target can be assumed to be a pure 184Re source, which allows simple gcncranon of a reference
response function. The 182Re spectrum is sufficiently d1ffcrent from the 184Re spectrum to allow
good resolution with the lmcar least squares approach. The !82Re response function can be
generated by subtracting the 184Re response function from the composite spectrum,

The polynomial fit used to interpolate the eroded depth from the depth calibration data yields
values with a standard error of 0.2 micrometers, which represents an approximation of the
statistical error inherent in this technique. In addition, a systematic error is introduced by using the




thin-slice depth cahibration to mnrerpres G duta Howenver Figare {6 demonstrates that thes en
less than a few percent tor mest of the depth: range for the siowller craters and 15 a sigraticant »o -
only for those craters which punch through the faver Tnoaddeon, it must be recognized ther
values can be reduced ever furtherif an activated depth of more than 25 micrometers 1< used
Finally, the use of the 2R e conjunction with the '™Re mav eliminate the uncertamy
introduced by the nonunitorm geometry o cathode surfacr damage

FUTYRE APPLICATION OF THE REFINED SLA THCHNIQUF

Although 1t is important to understand the erosion mechanisms dominating in the microspaor
emission mode, the unacceptibly high eresion rate associated with this emission mechanism
mandates exploration of the potentialiy more benign thermionicallv emiting cathode, Two
independent paths wilf be foflowed to investigate this regime of cathade operation -<nmidaion
the hot cathode of a steady state device using a mult-megawatt pulsed MPD thruster and actua!
time-resolved erosion measurements on a low-power steady state thruster

PULSED MPD THRUSTER EROSION MEASURFEMENTS

A half-scale benchruart thruster<Y similar to that shown in Figure 17 will be used for th-
series of tests. After obtaminy o more reliable set of erosion data frons this pulsed device with
bulk cathode curface at about roomi-temperiure o charactenize the microspat emission mode. «
sequence of testing will be pertormed with 1he cathode externatly heated prior to the discharge b,
an inductive coil. This precise control over the bulk surface temperature will allow examining 1
transition from 2 cold carhiede domiated by microspot emission to an incandescent o athode on
which current contnuiry is satichied hv thesnionic emission

TIME-RESOLYFED STHEADY STATE THRUSTER EROSION TESIS

The real-time, time resolved erosion measurement technique will be used to study the tmn
high-erosion start up phzse and the less destuctive steady-state operation on the coaxial devi
pictured in Figure 18, which 1s un MPD-ivpe thruster operated at power levels of up to 30 kW
current levels from 500 to 1000 A for periods of 2 minutes and less20. The cathode in this thnister
experiences current densities and surface terperateres stmilar to those =xpected in high power
steady state MPD thrusters Measurerment of the local cathods temperiure in
conjunction with the muass loss meveres et will allow covpparreon with eroston dota taken oo
the exteriiadis heaterd covhease of “he puine o SIFD thrawer

TUNCLUSIONS

Prelmminary tests of the SLA techrugue confinn that pulsed thrusters for which butk cathexde
temperatures remain below that reqaired for significant thermmonic emission are subject to severe
ciosion associted ~1th the icre pot = von mechamsm, which renders ther usetess as
pracucal thiusters, Puisod devior oo w0 fon simuiating the operaee o of strady siate thrue o
however, and remain an integral part of the cxpenaental program. A nomalous jumps in the
erosion data arid the blistered appearmner  the activisied spotcan he armibuted o structural
radiation damage caused by the high dose of o parucies used in the activation

The critena outined above are des:zned to address the problem of radiation damage and
several deficiencies in the dats redacdon. The Jeuerciactivation chosen on the basis of these
criteria appears capable of providing extrenv [y accurate. non-intrusive measurements of cathode
erosion. The deuteron aotivatson parare e and depeh calibration curve given above can be u !
with tungsten surtaces actvaicd i a unive ooty of government cyclotron facility or from the
commercial activation seiviee offcred byl UK Harwell Laboratory i Harwell, England.
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Lrosion measurements can then be performed with standard radiation measurement equipment
similar to that described in the first section of this paper and analyzed on a microcomputer with the
gamma spectrum analysis programs noted in the references. The criteria outlined in the second
section of the paper can be used to guide the development of an activation scheme appropriate for
other materials of interest. Activation, data collection, and interpretation have now reached a
sufficient level of sophistication that surface Jayer activation can become a routine diagnostic
technique for studying surface degradaunon on any material that can be suitably activated.

The planned erosion measurements on the pulsed thruster with the externally heated cathode
and the steady state thruster should provide a sound data base for directing and testing erosion
modelling efforts. In addition, the time-resolved erosion measurement will demonstrate a new
application of surface layer activation that can provide an extremely powerful method of lifetime
testing steady state thrusters.
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- Table 3: Comparison of Tungsten Activations
k' === = _—==== S I ST T o ==
Beam Activated Axial Activated Major
Ewcray Yield Arca® Resolution** Deptht Half-life y Lines
Beam (MeV)  Reactions uci/o) (cm2) (cm) (um) (days) (keV)
a 23 182w(q,n)1850s 50 6.25 2.93 26 93.6 646
184w(a,3n)1850s
186W(q,5n)1850s
]
| d 15 182w(dy)184Re 7000 0.05 0.02 100 38.0 732
{ | 183w(d n)184Re 895
184w(d,2n)184Re 903
186w(d 4n)184Re
182w(d,2p)182Ta 40 875 3.50 70 115.0 1121, 1189
| 184w (d,a)182Ta 1221, 1231
| ® . _
182w(d2n)182Rc 15,000 0.02 0.6i ——t 267 109, 229
183w(d,3n)182Re 256, 351
184w(d 4n)182Re 1076, 1121

»®

Area for 1 uCi activity at a dose of 1016 ¢cm-2

** Axial length of circumferential activated strip, assuming area from column 6 and an attenuation of 329
T For beam normal to the surface
1 Not yet measured
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