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Abstract

A scrics of models have been developed to deseribe the tem perat ure distribution of thermionic
cathodes m high current discharges i an effort to evaluate cathode service li fe. A number of
experimental measurements havebeenmadeto validate these 1y10¢ dels and provide values of the
mputparameters, A database of axial temperature distributionsonacylindrical, 2 percent
t horiated t ungst en cathode has been colleeted for a currentlevel of 1000 A for argon mass
flow rates of 0.060 to 0.878 g/s and ambicnt gas pressures ranging from 1.5 to 6.0 kPa. The
changes inthe flow rate were found to have no significant a ffect on the axial cathode temper-
at u res, Electron temperature neasuremce nts were made utilizing the method of relative line
intensity ratios. The radial temperature profiles are f1at for the low pressure case and increase
rad iaily for the high pressure cases. The variation of the attachmcent arca with current and
pressure was characterized by measuring the intensity dist ribution of an argon ion line necar
the cathode Sill'fac(!. For all of the pressures considered the arce is attached in a annular ring
on the cathode tip and not on the cent erline. Materials analysis of the cathode following a
test at 1000 A and 6.0 kPa for two hoursreveakcl that the thorinimtends to accumulate at
the tip, is depleted on the shaft, and a transition occurs in between. A minimumin the work
function thercfore oceurs in an annulus around the cathode tip. Model comparisons with the
data show cxcellent agreement for all of the paramcters.

Introduction

The service life of thermionic cathodes is important for a number of high current discharge devices,
particularly several classes of clectric thrusters such asclectrothermalarcjets andmagne toplasmady namic
(MP D) engines. Low thrust levels dictate burn times of several thousand hours, and the cathodes of thesc
devices are oftenithe Jife-lilt]itillg component. High-current catliodes are subjectio failure miodes which can
be clussified as either event-consequent or the result of dar nage accumulation.  Event-consequent failures,
suchi as cathode melting as a result of excessive resistive heating, are the result of a single catastrophic event
and canbe adequately charawcteriz ed by testing a lo ne. However 11 is impracticalto characterize the failure
risk associated with damage accumulatio i failure modes by testing alone becanse of the extremely long test
durations required to observe the fallures. validation of cathiod e servieelife under conditions where damage
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Figure 11 Diagram of the cathode test facihity,

cooled copper liner hias been inse rted i the middle two segrnents to pernnt long-duration operation. A's the
se he matic m Fig. (2) shows, the first se grnent forims the discharge chamber. A water-cooled, ring-shaped
copper anode with a diameter of 7.6 e is mounted onadlange located betwe ennand electrically isolated from
the first two tank segments. The cathode fixture mounted onthe vacuum chamber door is composed of two
coaxial tubes electrically isolated fromeachother andthe door with mucartarings. The inner tube serves
as the cathode current feed and has a water-cooled cap on the end to which the cathode is clam ped. The
outer tube is clectrically floating andhas a water-cooled copper disk mounted 011 the end with an aperture
through which the cathode protrudes. The propellant gas is injected between the two tubes and flows into
the discharge chamber through an annulus around the base of the cathode. The interelectrode gap is set
by the thickness of a spacer in the cathode assembly. The cathodes usedin this investigation were rods of
2 percent thoriated tungsten 76 mn long and @ 5 yun in diameter with liemispheri cal tips. The last tank

segmentcontams a heat exchanger made of water-cooled, finned copper tubing to cool the exhaust before it

enters the pumping syster . The tank has a number of ports which provide optical access tothe discharge
chamber as well as the plume. In addition, the cathiod e and the discharge can be viewed along the tank axis
throughawindow al the i-car of thetank.

The vacuum chamber is pumped by a 610 1/s Roots blower backed by a 140 1/s Stokes mechanical pump.
The systeni is capable of achieving a vacuumof less t han 0,13 Pawithno propellantflow arid approximately
80 Pa with an argon flow rate of 0.7 g/s. Higher ambient gas pressures are achieved by throttling the
pumping speed with a y,]ve on a bypass around the main vacuum valve.  The ambient pressure can be
controlled to within approximately 14 30 70 Py The are is powered by two Miller welding power supplies,
cach of which can provide 1 ) () Aataloadvoltage of 40 v continuously or 2000 A at 40 V with a 50 percent
duty evele “themitialare breakdown is accomplished with a 4 AL 850 V' start supply.




accumulation fatlure modes are critical therefore must rely heavily on modeling of the physies of failure. The
role of testing is to identify the eritical failure modes, validate the models of failure and provide information
on the model mput parameters such as material properties and operating environient.

High current cathodes are being studied at the Jet Propulsion Laboratory as part of the Advanced
Propulsion Concepts program. The goal of the progran is to develop long-hived cathodes and the analytical
tools to validate their service life. Cathode erosion, which appears to be the dominant dainage accumulation
failure mode, has been shown to depend strongly on the cathode temperature [1]. Therefore, part of this
study is 1utended to provide a simple means of predicting the cathode temperature for various thruster
operating conditions. In addition, the thermal characteristics of the electrodes must be known to compute
the overall thruster thermal loads to the spacecraft. Models must also provide the appropriate boundary
conditions at the cathode surface for models of the operating characteristics of the thruster. For example,
the current contours within the magnetoplasmadynanne thruster cannot be specified independently of the
cathode temperature distribution because the majority of the current is fromn thermionic emission. Since the
cathode model boundary conditions also depend on the characteristics of the main plasma, the two models
must be ultimately coupled to obtain an overall model of the cathode region of the thruster.

A series of models describing the cathode and plasma interaction are being developed. The cathode
model consists of two parts, namely a near-cathode plasima model and a thermal model of the cathode[2,3,4].
T'he necar-cathode plasima model connects the properties of the main plasina with the cathode. Specifically,
given the plasina properties within a mean-free-path of the sutrface, the near-cathode model predicts the
heat flux and current density to the cathode surface. With these boundary conditions and the traditional
thermal transport mechamsins, the thermal model can predict the temperature distribution within the
cathode. Because of the interdependency of the two models, they must be solved simultancously. The input
paramecters used by the model for the plasma consist of the sheath voltage, the pressure, the ionization
energy of the gas, the won mass, the surface work function, and the surface temperature. The arc attachment
area is also specified to himit the total current, which is calculated using the given attachment area and the
calculated current density distribution. The thermal model inputs consist of the base temperature or heat
flux, the convection coeflicient and environmental temperature, the surface enmttance and environmental
temperature, and the material thermal conductivity and resistivity. A series of thermal models have been
developed with different levels of approximation. The nonlinearities of the system equations can present
numerical difficulties. The simpler, one-dimensional models can be used to provide starting points for the
more complete two-dimensional models, significantly reducing the computational time required. Although
the quast- two dilensional models provide a good first approxitmation, a two-dimensional model is required
for & detalled understanding of the processes mvolved

The focus of the experimental part of the program is to test new cathode concepts, identify the entical
failure mechanisms, provide a database of measurements to validate the cathode models, and determine
the values of the eritical model drivers such as work function and gas pressure. The purpose of this paper
is to present a database of temperature profiles recently obtamed over a range of ambient pressures and
current levels for cylindrical, 2 percent thoriated tungsten cathodes. Comparisons of the model with pre-
liminary thermal data showed good agreement at currents below about 1000 A and pressure levels greater
than 1.5 kPa [3], so these experiments concentrated on this parameter range. ln addition, the size of the at-
tachinent area and electron temperature were characterized to provide inputs to subsequent modeling efforts.

xperimental Apparatus

The Cathode Test Facility

The cathode test facility is shown i the diagram in Fig. (1), The stainless steel vacuum chamber is 0.5 1
i diameter and 2.4 1w long and is composed of 4 water-cooled eylindrical segments. In addition, a water-
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Figure 2: Schematic of he electrode configuration.

Diagnostics

T'he factory shunts in the Nille

the are current. The termimal volt:

welders bave been replaced with precision shunts that are used to monitor

s

casured at the current feedthroughs imto the tank. The propeliant
s Side-"Trak Model 830 flow meter and a Micromotion Model
DG flow meter and controlled with a throtthng valve located just upstream of the inlet to the cathode hixture.
The flow meter output was calibrated by measuring the mass loss from an argon bottle as a function of time.

sured with a Sterra bnstr

flow rate s me

(9]

Three MKS Barotron capacitance manometers with ranges of 0 133 Pa, 0 1.3 x 109 Pa, and 0 1.3 % 10° Pa
arc used to monitor pressures. The three transducers are mounted in a single manifold with two imput tubes.
One line measures the tank pressure through a feedthrough on the chamber door. A special cathode was
fabricated with a I mm diameter hole bored the entire length along the centerline, which serves as a pressure
tap to measure the pressure at the cathode tip. This pressure tap was connected to the other manifold
inlet. Bither pressure could be read independently by valving off the other input. These parameters and a
number of facility temperatures are recorded with a Macintosh computer system utilizing LabView software
and National Iustruments multi-function 1/0 cards.

A CIDTEC 2250-1 Charge Injection Device (CID) camiera was chosen as an optical pyrometric sensor
to measure the two dimensional temperature field on the cathode. The system optics are composed of two
interference filters with a 10 nm bandpass centered at 632.8 i and a long pass filter with a cutofl wavelength
of 570 nm. The camera lens aperture is fixed at a relatively small value of f/4 and neutral density filters are
used to control the image intensity. The hmaging array has 512 x 512 CID detectors which are read out at
a maximum rate of thirty times per second. These values are converted to an analog signal, which is then
further processed and output as a nortal video signal by the catera electronics. The video signalis digitized
by a Data Translation D'T-28G2 8-bit frame-grabber board, which yields a final value between 0 and 25H
corresponding to the incident power ‘The camera output was calibrated as a function of incident radianee

using a tungsten ribbon lamp. The calibration procedure and a detaled error analysis for the temperature

H A surface emittance value of about 057 was used for all thermal data

discussed in |

tneasturemnents a




analysis based on ncasurements made 111 Ref (5].

In the experiments the cane ra and optics were mounted outside the chamber about 39.5 ¢ from the
cathode. The video output from the cammera was digitizeco provide real-time monitoring of the temperature
distribution  Onelinem videonicmory ehosen 10 correspond to the axis of the cathode was sampled from
cach fratne. A given nuriber of lines were averaged, displayed in real time, and periodically stored on disk

The camera was also used to study the extent of the arc attachment region. I'wointerference filters with
a 10 nm bandpass centered at 488 nm were used to select radiation from anintense argonion line. Entire
images of the cat hode and noar-cathode discharge region were then captured with the frame grabber board
and ana lyzed to yield the lateral intensity distributio n. Thiese measurements were used to calculate anupper
bound on the arc attachment arca and the average current density in the attachment zone.

FEmnission spectroscopy was also used to determine the electron temperature near the cathode tip and
downstream of the tip. The system was set up to formanimage of the cathode on a screen with a lens
mounted outside the vacuum chamber  Alength of fiber optic cable w a's installed with the 100 micron
diameter inlet located atthe center of the screen and flush with theimage plane. The screen and fiber inlet
were tnounted on a micrometer-operated X-Y translation stage so that theinlet could bepositioned at any
desired point in the image. With this technique, light-gat hering with high spatial resolution from any image
point could be achieved. The light emerging from the fiber exit was focused on the entrance slit of a one-
meter McPherson monochromator using an optical system designed tomatchthe fiber numericalaperture
with that of the monochromator. Variable monochromator slits were set at 30to 50 micronsand a 1200
groove per mun grating was used to disperse the light, providing 1 potential resolution in first order of () 10
Angstroms. The output of a Hamamatsu R928 photomultiplier tube was filtered (30 Hz corner frequency
with 12 dB/oct rollof) and stored on a computer. The t ranstation stage was moved vertically by amotorized
stage and positioned axiailly i ally - Seans were performed at several axial locations moving away from
the cathode tip, and then some of these points were repeated moving back towards the tip. The vertical
intensity scans were then Abelinverted to produce rad ial emittance profiles [(i] Additional filt ering of the
data was done withinthe Abelinversion routine using i FIR Blackt nan windowed filte r. For each case, two
vertical scons were averaged and centered Fhe Abel inversion routine then folds the data set for a total of
four averaged half-proliles, and perforins t e Abel tnversion.

E xperimental Results

Mass FlowRate Effects

The focus of thisexperimentis the developmient of a database of temperature measurements for usein
valida ting themodels. The axial temperature distribution in the first 15 to 40 mm of the cathode (measured
fromthe tip) was determined using the imaging pyrometer for currentlevelof 1000 A, tankpressures of 1.5,
3.0, 4.5 and 6.0 kPaandanargonmass flow rates of 0.060 to 0.878 g/s. Typical results are shown in Figures
(3) (6). Additional data are presented in Refs, [5] and [71. The run numbers are included to show the order
in which the experiments were perforimed. At lower pressures a temperature pek is located onthe shaft of
the cathode, while at higher pressures the peak is located on the tip. Many of the temperature profiles at
higher pressure also show a change in slope near the tip. The intensity peak at the tip may contain some
coutribution from plas ma radiation, either the continuum in the 10 nm bandpass of the 632 nmninterference
filter or the integrated effect of plasia radiation collected in the wings o f the blocking filters. However,
teasurements of the plasinaintensity off of the cathode surfaceindicate that this contribution is smallln
addition) thetimescale for decay of the tip intensity peak when the arce is extinguished is muchlonger than
theplasma decay timescales, proving that the peak is due to surface luminosity.

The profiles in Fig (1) demonstrate the degree of irreproducibility in the cathode temperature for the
saine operating point. While the Up temperature is generally quite repeatable, temperatures on the shaft
can vary by as mach as 100 K from one trial to the next. The shapes of the curves are all very simlar,
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but i some cases they are displaced upward by the appearance of a temperature peak or plateau upstream
of the tip. This suggests that additional heating is occurring in this location which pulls the distribution
to higher temperatures. Some of the drreproducibility can be attributed to varying run durations, because
the temperature distribution appears to evolve with time. No distinet aflfect of the mass flow rate on the
temperature profites conld be found.,

Electron Temperature Measurcements

Electron temperature measurements have been made downstream of the cathode tip to help characterize
the plasma for verifying the model predictions. A new cathode was installed for these tests. One method of
determining t he electron temperatures is using the method of relative line intensity ratios. The temperature
is determinedfronmthe equation
I, — I

m (,*u Anngns )

Ao Atk @m€mn

KT, - (1)

where b 1s Boltzmann’s constant, T, i1s the clectron temperature, £/, 1s the energy of level 570 Ay is the
wavelength for the transition between levels “s” and “07, A,y is the transition probability, ¢, is the measured
emittance, and g, is the degeneracy of level “s” [8]. For this study the Arll 4014 and 411014 nm lines were
used. The resulting radial temperature distributions are shown in Figs. (7) through (10). The oscillations
in some of the curves are likely a result of plume oscillations that were observed during the tests. The
axial temperature distributions in Fig. (11) were obtained by curve fitting a line to the portion of the radial
curves near the centerline. In general the temperatures decrease approximately exponentially with increasing
distance from the cathode tip. The temperatures for 4.5 and 6.0 kPa begin to rise again around 4 mm from

the tip Also. the clectron temperature decreases with iereasing pressure, as expected. The temperature

6
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profiles are flatter radially as the pressure is decreased. As the pressure is inereased the electron temperatures
begin to increase radially suggesting that the arc attachment is concentrated in an annulus near the edge of
the cathode. Additional information discussed below will sustantiate this idea. The data were less repeatable
decreased at the higher pressures.

The electron temperature can also be caleulated by plotting the logarithmic term of Eq. (2) versus the
excited state energy, ]

In Nl—» )-: e + const. (2)
\gn - kT

This plot is shown i Fig. (12) for points located 0.251 nim and 2.79 i downstream of the cathode tip.
The ArlT 3979, 1053, and 407.2 wm lines were used in addition 1o the 401.4 and 4104 lines used previously.
Clearly a single hue will not fit the data correctly, indicating that nonequilibiuim may be present. A line
plotted thirough the three left points yiclds electron teinperatures near those calculated using the line intensity
ratio techiique. Temperatures calenlated using a line fit through the right three points yields a substantually
lower temperatures (typically around 0.3 to 0.7 ¢V). Tt is unusual that the higher energy levels would have
a lower temperature than the lower levels, indicating that this may be the result of an instrument error.

Filter photography has been used to determine the relative strengths of the argon 488 min ion line.
Contour plots of the Abel inverted images of the discharge region captured with the CID camera using two
488 nmnterference filters are shown in Fig. (13) through Fig. (16). The contours represent lines of constant
camera response in gray levels and start from one on the outside, increasing inward in increments of one. A
very interesting characteristic is observed in all of the cases. The largest gradients in the jon intensity are
found near the corner of the cathode indicating that the majority of the are attachiment is in a thin annulus
around the tip, and not on the centerline as with arcjet thruster cathodes. This current concentration moves
towards the ceuterline as it moves away from the tip to form a conical enrrent envelope. Tn addition, there
5 a depression e the intensity values in the center beginning about one mitieter from the the tip. That
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Iigure 13: Distribution of the 488 i Ar 11 line intensity distribution at 1000 A and 15 kPa

15, the intensity increases with radius and then decreases as one moves from the inside to the outside of
this current covelope. This effect can be seen most strongly in the higher pressure cases. Further away, the
maxunum intensity s on the centerline. Also. the mtensity profiles are flat in the radial dircetion near the
tip, particularly in the two low pressure cases, indicating that radial gradients are small. If the intensity
levels represent number density levels, then the radial number density and temperature profiles would also be
expected to be flat in this region. Recall, that the measured electron temperature profiles for the two lower
pressure cases were flat (INg. (7) and Fig. (8)) suggesting that there is a connection between the strengths
of the ion lines and the plasma temperature. However, a means of calibrating the brightness levels is needed
for any quantitative results.

The extent of the are attachment zone is an important parameter in the model because 1t determines
what fraction of the boundary is subjected to the are heat inputs and is used computationally to limit the
total current to the desired value. It s, of course, very difficult to measure directly the surface current den-
sity or the heat fluxes. By determining where the largest (brightest) concentration of 1ons is, the size of the
attachment area can be estimated. Since the energy source for the womzation region 1s primarily the product
of the sheath voltage and the thermionic emission current density, it is expected the the plasma will have
the largest ion number density (and temperature) where the thermionic current density is highest [3,4]. The
thertnionic current density can vary over a larger range than the sheath voltage, and therefore dominates. A
photomicrograph of the cathode tip after operation at 6 kPA and 1000 A is shown in Fig. (17). The different
gray bands are a result of diflerent thorium coverage fractions and thercefore different work functions. These
characteristics are discussed in more detail below. The changes in work function can significantly affect the
current density values [9]. Interestingly the inner edge of the Ingh brightness contours, corresponds to the

edge of the white arca in the figure.
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Characterization of the Cathode Surface State

The cathode electron emission capability, and therefore the thermal boha vior, is strongly deprend ent
on the surface work function. The surface chemical slate andmorphology of one of the cathodes used in
these experiments were chara cteri zed using a scanning electron microscope (SEM) and energy-dispersive
spectroscopy (EDS). This cathode hadbeenrun for i total of 80hoursata currentlevel of 1000 A pressures
ranging from 1.5kPato 6 o kPaand argon flow rates of 0.060 10 0.878 g/s. The final two hour run was at
a currentlevel of 1000 A, a pressure of 6.0kPaanda flow rate of 0.276 g/s. Over the course of these tests
a shiny protuberance with a diameter of about 2 mm and a height of approximately 1772 mm developed on
the tip of the cathode and a dark band formed around this region. Figure (117) is a photomicrograph of the
cathode tip which shows thiyt the tip region can be divided into four zoues; the brig ht white protuberance,
the patchy white ring surrounding it, the dark bandencircling the white arcas audthe lighter gray region
011 theoutside This photograph was taken using backscattered electrons, so theresponse is sensitive to the
elemental composition of the surfa ce, BDS analysis confirmed that the bright white regions are enriched in
thoriun while the dark areas are essentjally pure tungsten. Inthe central raised area the thorium response
was almost as strong as the tungsten response, indicating nearly equalproportions. Higher magnification
revealed delicate fern-like structures similar to those found in carlier experiments on the tip of a cathode
operated at lower pressures {7]. Theribs of the structures werefound 10 be puretungsten, while the
surrounding areas were pure thorium metal. The patchy region surrounding this was composed o f small
tungsten crystals and pools of thorium metal. The dark band consisted of thetungsten crystals withno
significant traces of thorium, while the outermost region was pure tungsten with a much smoaother texture.

The dendritic structures found in the central region arc consistent with the existence of a thin molten
laver of thorium andtungstenonthe tip which solidified at shutdowry The feathery or fern-like structures are
forimed whien the two inmnscible components segregate upon cooling A lthough the measured tip temperature
was only on the order of 2750 K, the phase diagram for this 85 tem shows that thorium reduces the freezing
point of t ungsten to a minimum of 1968 1i at the eutectic point O The o ip 0f the cathode existsina
molten state only bec ause of the high concentration of thorium metal there, ‘1 he desorption rate of thorium
from tungsten at the measured tip temperature greatly exceeds the diffusion rate from the interior, and
improbably low gas diffusion rates are required to maintain Sig nificant surface coverage [1 1] However, the
surface structures observed in this zone strongly suggest thatthorium vapor condenses on the tip during
operation, providing furthcr evidence for amass transport process first proposedin [7): At these ambient
gas pressures the arc attachment is concentrated onthe tip, s o an arc column with a high elect ron density
and temperature forms downstream of this region. Kvidently ractal vapor from the cathode is 1onized in the
arc columy and drawn back to the surface by the eleetric field. The sheath in these devices is collisionless,
s 0 lonization st occur outside the sheath. The weak clectric fieldin the column is apparently suflicient
to slow the gas diffusion rate significantly. This also provides a mechanisin for mass transport from other
regions of the cathode to the region where the arc attaches. Paradoxical ly, the volatile species accumulat ¢
in the hottest zone, ‘The effectis to delay depletion of the thorium at the tip, because it lowers the effective
gas diffusionrate and atlows access to amuch larger supply of thorium. The thorium which can accumulate
or | thetip is notlimited G thatavailable locally; thoriumthat evaporates from any part of the cathode can
conceivably be deposited ONithe tip if it is first convected into the arc column downstream of the tip.

The tungsten crystals in the dark band were probably formed in a similar process. Tungsten evaporated
from the cathode is ionized in the arc column and drawn back to the surface, creating small crystals by
vapor deposition ‘1 he patchy region betweerythe thoriumerich central arca and the ring of tungsten crystals
represents a transition zone in which tungsten and thorium viapor are deposited on the surface, but the
concentration of thorium s not sufliciently igh to lower the elting temperature below the tip temperature,
The thorium pools appeared to have been molten during operation, bout the tungsten crystals in this region
clearly were not. Becausethere is a surface concentration gradient, thorium may also be supplied to the
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Figure 18: Work function variation of thoriated tungsten.
tran sition zone from the central region by surface diffusion  T'he outermost region is evidently a high

temperature zone with little vapor deposition 0f tungst enor thortum.  The craters formed during startup
have been smoothed out by thermal recrystallization over the course of the final two hour run

These observations are consistent with cathode surface structures observed at lower pressures and higher
discharge currents [7,1 1], suggesting that this is representative of ezitho de operation. A qualitative descrip-
tion of the work function distribution on the cathode surface can be deduced from these surface structures.
T'he work function and Richardson coe flic ic nt for thoriated tungsten is dependent on the surface coverage of
thorinm, asshowmin Iig. (18) [1°2]. The coverage [ is defined by N/N,,y,,, where N ois the number density
of adsorbed thortum atoms anid N, L5, represents the number density at the minimum work function. The
work function is 45 eV for pure tungsten, reaches a minitnunn of approximately 2.8 ¢V at a thorium coverage
of aboutone half of a complete monolayer and then rises to 3.27 eV which is about equal to the value for
bulk thoriwmn. The surface analysis indicates that this ent ire range of work functions exists on the cathode
during operation The central region where thorinnm metalaccumulates is prohably characterized by a work
function close to that of bulk thorium, while the outermost region of pure tungsten would have the highest
work function. T'hie intermediate zone represents a transition between these two extremes. The minimum
work function and the peak current density therefore oecur not on the cathode centerli ne, but at an inter-
mediate radius on the hemmspherical tip. As shown above, this conclusion is consistent with measurements
of the argonion line intensity distribution on the tip.

Model Predictions

A comparison between the gueasi-two dimension al combined plasma and thermal model and the expeni-
mental data s shown in Table (1), For the experimental data, the attachiment area w as estimate d from the
ion brightness contour plots. The model analysis was performed as follows  The measured tip temperature
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was iput, and the work function, ¢, was varied until the caleulated attachment area was close to the exper-
imental value. The shieath voltage and the electron temperature were fixed for these inputs. For the 1.5 kPa
case, model convergence problems limited how small the area could be made. At this temperature, 5 percent
of the particles are singly-charged ions and 29 pereent are doubly-charged ions. The convergence problemns
are a result of the increasing number of triply-charged ions, which are included in the equilibium portion
of the model but not in the other parts. The improvements of the model to include doubly-charged 1ons
is described in Ref. [4]. The appears to be good agreement hetween the model and the experimental data.

Experimental  Data

Model Parameters

Pressure Are Voltage Tiio Arca T. Area V. 1, ¢
(kPa) {(K) (c1n?) ((5\')11') (eV) (eV)
1.5 183 2527 - 0TF 0.88  8.83 1.93 2.93
3.0 17.8 2620 0.58 1.9 (.56 7.54 171 2.96
4.5 21.9 2710 (45 1.7 0.45  6.87 1.62 3.02
6.0 21.6 2750 0.37 1.5 0.47 6.20 1.42 3,04

Tablel Experimental data andmodel parameters used in the comparison.

The clectron temperature for both arc close, and the calculated sheath voltages are reasonable. The work
functionfor all of thecases tire close andintherange of whatwouldbe expected. The work function on the
tip chianges fromabout 3.727 eVonthe centerto 45 eV far fromthe tip. It is expected that the transition
in thorium coverage would inelude the minimum i work function deseribed above. 1t is likely that this is
where the attzwc iment are afsocated. The experimental work lunction values represent an average value,
since the actual surface willhave work functions over the entire range.

Modelpredictions for the plasma pararneters for the range of experimental data presented are shown in
inFigs. ( 19) t hirough (24). The exponen tial decrease n attachirne ntareain Figs. (19)and (22) indicates
that the majority of the current is from thermionic emission  As the cathode temperature increases (and
therefore the thermionic current increases) more cnergy is added 1o the jonizat ion region and the electron
temperature increases (all other parameters kept constant).

Conclusions

A number of experimental measurements have been made to validate a combined plasma and thermal
todel that is being developed and to provide values of the imput parameters [4]. A database of axial
temperature distributionson a cylindrical, 2 percentthoriated tungstencathode has been collected for a
currentlevel of 1000 A for argonmass flow rates of () 060" to (.878 g/s aud ambient gas pressures ranging
from1.510 6-0kPa. A number of tests were performed 10 determine W hat effect iass flow rate has on
the axial cathiode temperature distribution. No significant effectof the mass flow rate on the axial cathode
temperatures was found. If any effect is present, it has bee nmastéct by other effects. Electron temperature
measurements in the plume downstream o f the cathode tip were made using the method of relative line
intensity ratios. The radial temperature profiles are flat for (he low pressure case andincrease radially
for the high pressure cases. In general the temperatures decreased approximately exponentially with axial
distance from the cathode tip. However, for the high pressure cases, the temperature began to increase
downstrean indicating that a temperature “depression” exists. Thevariation of the attachment area with
currentand pressure was characterized byinecasuring theintensity distribution of anargonionline near the
cathode surface. For all of the pressures considered the arc is attachedinan annular ring around the cathode
tip and not on the centerline Materials analysis of the cathode following a test al 1000 Aand 6.0 kPa for
two hours revealed that the thorium tends to accumulate at the tip, is depleted onthe shaft, and a transition
occurs in between A minimum in the work functiontherefore occurs in anannilus around the cathode tip
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It is suspected that the current attachiment annulus oceurs where this mimmmum m work function is located.
Model comparisons with the data show excellent agreetnent for all of the parameters. The model predicts an
average work function of about 3.0 eV for all of the pressures tested. The materials analysis suggests that it
should be between 3.27 ¢V (bulk thorum) and the minimum at 2.8 ¢V since the attachment arca occurs on
the edge of the cathode tip.
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