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Abstract

Temperature profiles have been incasured
alor 1g the axis of athoriated tungsten rod
cathiode in an argon gas discharge at two a m-
bient pressure levels and current levels rang-
ing from 600 to 1400 A. At anargonpy essure
of 2800 I's, the temperature profile ine reases
monotonically from the base toward the tip.
The tip temperature increases with 1 increa -
ing temperature. At an ambient pressure of
1470 Pa,atemperature peak at the tip is ac-
companicd hy a plateau or second peak further
upstrcam. With increasing current the magni-
tude of the upstream peak increases drar nat-
ically. Qualitative observations of the are at-
tachment suggest that at the higher pressure,
increases in the discharge current can be ac-
commodated by increases in the cathode tip
temperature. At the lower pressurce level the
tip region can no longer satisfy the current de-
mands and arc attachment further upstream
along the cylindrical shaft becomes more im-
portant. The decrease in pressure therefore
precipitates a transition from a tip attachient
mode toa more diffuse cathode attachment.
Long thermal transients were also observed at
all ope rating conditions.

Introduction

The service life of thermionic cathodes is niportant
for anumber of high current discharge devices,par-
ticularly several classes of electric thrusterssuch as
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electrotherinal arcjets and magnetoplasmady namic
(MPD) engines. Low thrust levels dictate burn times
of several thousand hours, and the cathodes of these
devices arcoftenthie life-]ilniting cornponent.

Cathodes in high current discharges are subject to
several phiysicalprocesses which cause 10ss of cathode
materialand eventual failure.[]]. Thenost iportant
mechanisms for cathode nass loss include cjection of
molten material, evaporation of bulk cathode mate-
rial and cathode additives, chemical attack by reac-
tive propellant gases or contaminants and sputtering
by high velocity ious. With the exception of sputter-
ing, therates of all of these mechanisins are strongly
dependent on the cathode temnperature. Assurance
of adequate service life therefore requires a quantita-
tive understanding of high current cathode therinal
behavior.

Cathodesin arc discharges opcrate in a number of
different modes which can be categorized in two broad
groups nonstationary cathode modes in which elec-
trons arc released inexplosive emission phienomena or
tlim]nal-field cmission in simall regions due to Joule
or ionunpact heating and stationary modes where
the clectron current is supplied by field-cllllallccd
thermionic emission [2]. The nonstationary modes
occur on relatively cold cathodes which cannot supply
the required current by thermionic or field-cnllanced
therurionic cmission.  Statjonary cathode operation
in clectric thrusters can be further subdivided into
the Low Pressire Thermionic Spot Mode or “dif-
fuse attaclinent” mode, which occurs on high tem-
perature, low work function cathodes in a low pres-
sure ammbient gas, and the High Pressure Thermionic
Spot Mode or “tip attachment” mode, which formns
011 cathodes at higher pressures. Difluse attaclinent
is usually observed o1t MPD thruster cathodes where



the discharge occupies a substantial portion of the
cathode surface. T'ip attachment occurs 011 cathiodes
in the higher pressure environment of arcjet discharge
chambers and is characterized by a mucli smaller arc.
attachiment point in which the temperature may be
above the melting point.

A companion paper [3] describes the theoreticalun-
derstanding of stationary cathode operation in both
the tip attachment and difluse attachiment nodes.
A model of the near-cathode plasma is used to de-
fine the boundary conditions for a therinal miodel
which yields the cathode temperature.  However,
there is a himited database of cathode temmperature
measurceinenis t o compare with model predictions
andno detailed characterizations of the nearcatl -
ode plasma. Some temperature measurcinents have
been perforiedin electric thrusters [4,5,6,7,8,9], but
the only systemnatic study of cathode ther mal Le-
hiavior was conducted by Hugel and Kriille [10,1 1].
Thicy measured cathode temperature distributions on
a rod-shaped thoriated tungsten catl jode at argon,
helium and hydrogen pressures ranging from 2000 1" a
(15 *Jerr) to 13300 Pa (1(10 Torr)andcurrent levels
from 200 to 1000 A.

To extend the database of cathode temperature
mecasurements and provide a better characterization
of the near-cathode plasma propertics which arc im-
portant inputs to the model, a dedicated cat hode test
facility has been constructed. In this paper the fa-
cility and temperature diagnostics will be deseribed
and temperature data obtained at currents of 600
to 1400 A and ambient argon pressures of 1470 Pa
(11 Jerr) 102800 1a (21 *Jerr) will bepresented.

Experimental Apparatus

The Cathode Test Facility

The cathode test facility is showninthe diagramin
Fig. (I). The stainless steel vacuum chaiber is 0.5m
i dianeter and 2.4 mlong and is composed of 4
water-c.oo]ccl cylindrical segments. As the schematic
in Fig. (2) shows, the first segment forms the dis-
charge chainber. A Water-cooled, ring-shaped cop-
per anode with a diamcter of 7.6 cin is mounted
011 aflangelocated betweenand electrically isolated
from the first two tank scgments. The cathode fix-
{ure mounted on the vacuum chamber door is coni-
posed of two coaxial tubes electrically isolated fromn
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eacl | other and the door with micarta rings. The in-
ner tubie serves as the cathode current feed and has
a water-cooled cap 011 thecud to which the catl -
odc is clamped. The outer tube is electrically float-
ingandhas a water-cooled copper disk mounted 011

the end with an aperture through which the cathode

protrudes.  The prop ellant gas is injected between
the two tubes and flows into the discharge chamber
througl an annulus around the base of the cathode.
The interelectrode gap is set by the thickness of a
spacer in the cathode assembly. Thie cathode used
i this investigation is arod of 2 percent thoriated
tungsten 76111111 longand 9.5 mmindiameter with a
hemispherical tip. The last tank segiment contains a
heatexchangerimade of water-cooled, finned copper
tubing to cool the exhaust before it enters the pump-
g system. The tank has a number of ports which
provide op tical access to the discharge chamber as
well as the plurne. In addition, the cathode and the
discharge canbe viewed alongthetank axis through
a window at the rear of thetauk.

The vacuum chamber is pumped by a610 Us Roots
blower backed by a 140 1/s Stokes mechanical puinp.
The system is capable of achieving avacuum of less
than 0.13 Pa (1 lfl’err) with no propellant flow and
ap proximately 80 Pa (0.6 ‘1'err) with anargon flow
rate of 0.75 g/s. Higher ambient gas pressures arc
achicved by bleeding ad ditional gas into the cham-
ber through a fitting in the third seginent and/or by
turning ofl' the Roots blower. The ambient pressure
can be controlled to within approximately 4 70 Pa
(0.5 Torr). The arc is powered by two Miller weld-
ing power supplies, each of whichcanprovide 1500 A
at aload voltage of 40 V continuously or 2000 A at
40 Vwith a 50 percent duty cycle. Theinitial arc
breakdown is accomplished with a 4 A, 850 V start
supply.

The factory shuntsinthe Miller welders have been
replaced with precision shunts that are used to mon-
itor the arc current. The Aerminal volt age is inea-
sured at the current feedthroughs into the tank. The
propellant flow ‘rate is measured with a Sierra In-
strumnents Side-'lkak Model 830 flow neter andcon -
trolled with athrottling valve located just upstrecamn
of theinlet to the cathode fixture. “J ‘heflowine-
ter output was calibrated by measuring the mass loss
from an argon bottle as a function of time. Au MKS
Baratron capacitance manowmeter with a range of 0-
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Figure 2: Schematic of the clectrode configuration.
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Figure 3: Diagramn of imaging pyrometry system.

1.3 x10° Pa which is mounted 011 thetank door
is used to measurcthe discharge chamber pressure.
These parameters and a number of facility temper a-
tures arc recorded with a Macintosh computer syste my
utilizing LabView software and N ational Instruinents
multi-purpose 1/0 cards.

The Teiperature Measurcinent Systemn
T Iimaging Pyrometer

A CIDTEC 2550-1) Charge Injection Device (CI1D)
camera was ¢l 10sch as au optical pyrometric sensor
to mecasure the two- dimensionaltemperature field 011
the cathode. I'igure (3) shows a diagram of the sys-
tem. An area A on the source emits a spectral radi-
ance of ¢(0, ¢, ATV aa(X, 1), where e(0, ¢, X, 7) is the
surface emittance at wavelength A at an angle 0 rela-
tive to the surface normal and ¢ from some reference
line on the surface, and L a1 (A, 7} is the radiance of a
black body at the sametemperature 7'.'This area is
viewed by the systemn optics through a window with a
transittance of 77(A) and onc or more neutral dev 1-
sity filters with a combined transmittance of 7¢(A).
The systein optics arc composed of two interference
filters witha 10 nmn bandpass centered at 632.8 mn
and a long pass filler with a cutofl’ wavelength of 570
nm, all three with a comnbined transinittanuce 72(A); a
normal catuera lens with a transmittance 73(A); and
a Protec (jye coating on the sensor array with a trans-
mittance of 74(A). The optics intercept radiation
cmitted by the area into a solid angle € and focus
it onto the CID seusors inthe camera array. The de-
tector outputl Vg for aninput power W is defi ned as

the responsivity of the sensor, {.. The imaging array
has 512 x 512 CID detectors which are read out at a
maxituin rate of thirty tiimes per second. These val-
uecs are converted to an analog signal, which is then
further processed and output as a normal video sig-
nal by the canera electronics, which have a gain of
Go. The video signal is digitized by a Data ‘Iransla-
tion D'T-2862 8-bit frame-grabber board with a gain
of G’, which yields a final valuec between O and 255
corresponding to the incident power.

Calibration of the Pyrometer

The systemn enclosed in dashed lines in Fig. (?77),
whichincludes the camera and associated electron -
ics, al oplical comnponents except the neutral density
filters, and the detector-source geometry, was cali-
brated as a unit. The neutral density filters are cho
sen to properly moderate the input radianice and may
be varied from experiment to experiment depending
011 thesourceintensity. Their transmittance is there-
forc calibrated separately and used to scale the cal-
ibration for the subsystemn shown inside the dashed
lines.

The incident power is given by radiance of the
source trausmitted by the various mtervening media
integrated over the spectrwm, the emitting area, and
the intercepted solid angle,

W / //J,M(A,'J')((o,¢,x,7')x
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The blackbody radiance 1.4y is described by Planck’s
spectral radiance distribution:
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where A is Planck’s constant, & is Bollz inaun’s cor |-
stant, and ¢ is the velocity of light. The sccond
cxpression is Wicen’s Law, an approximation that is
valid for the temperaturce range of iuterest. Assuining
that the directional emittance ¢(0,¢,A,7") dots not
vary significantly over the solid angle @ and that the
interference filter blocks sufliciently well inregions
outside of a narrow band AX a a central wavelength
of Aisythe integral can be simplified to

4
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where A cos 0 is the projected area inthe viewing di-
rection. The respounsivity 12, which relates the sys-
tem output Vg to the source radiance at the inter-
ference filter wavelength through the neutral density
filters 1., is defined as
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This is the desired calibration relation which contains
the respousivitics of the electronic components, the
source-detector geometry,andthe optical comnponent
parameters. If the gains of the electronic components
arc constant, the system responsivity 2* should have
the same functional form as the camera responsivity
120, which is constant upto a pointinthe range of
50-80 percent of the saturation value, after which it
deereases. Fiquation (4) also cinphasizes that cach
oplical setup and source-ctctector geometry must be
individually calibrated. The value R*inust beemn-
pirically determined using a reference source with a
known temperature and cinittance at the interference
filter wavclengtlh, accounting for the transmittances
70 of the nedia between the source and the camera
optics. This measurced I2* can then be used to deter-
mine the temperature of another source with known

cmittance viewed through filters with known trans:
miltances.

"T'he subsystemn responsivity 1¢* was micasured with
a Mikron model M300 blackbody calibration source
and independently with an Eppley tungsten ribbon
lamp. The blackbody source had an emissivity of
0.9994 0.005. The temperature of the spherical cav-
ity was mecasured to withind1°C with a Type S ther-
mocouple cimbedded inthe wall. The radiance 1.} of
the source was calculated fromn the incasured temper-
ature using the Planck distribution in I5q. (2) and the
emittance. The possible error inthe calculated radi-
ance due to uncertaintics in the temperature is less
thand 2.5 percent. The source was operated over a
temperaturcrange of 900 to 10 85° C, corresponding
to a radiancerange of 0.44 to 7 mW /puncmn? s

The aperture of the cavity wasimaged onthe ar-
ray withthesame detector-sclurce geometry used in
the experiments, but with no neutral density filters.
The temperature was set and allowed to stabilize to
within 4 1°C before measuring the systemn response.
T'he radiance was uniforin only across the right-hand
side of theaperture, decreasing slightly onthe left.
T'herefore, only the response of 50-100 pixels illumi-
nated by the uniform part of the image was measured.
‘Fhese measurements were also used Lo deterinine the
intrinsic variability in pixel response. Experiments
perforined with the source held at a constant tem-
perature over five hours showno drift in pixel out-
put and random fluctuations onthe order of -4 2 gray
levels, Theuncertainty associated with these fluctua-
tions canbe reduced to a negligible level by averaging
a number of frames.

The radiance in the center portion of the tung-
sten ribbon lamp was determined by comparison with
an Optronics Model 550 calibration lamip traceable
to NIS'T standards using an Optronics Model 746-1)
spectroradiomicter, and is accurate to withind 3 per-
cent. The lainp was operated over a radiance range
of 0.35 to 6.23 mW/jan an? sr and the center part
of theribbon was imaged dhthe detector array. The
response of 5 pixels illuminated by the uniform part
of the image was measured. These data were al so
used to cgt imate the variation inresponse from pixel
to pixel. The variation among the 5 detectors did not
exceed 1 gray levelup to 150 gray levels and not more
than 1.5 graylevels a saturation)].

Figure (4) shows the final calibration curve relating
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Figure 4: CIDTEC camcra calibration.

the camera output V; to the incident radiance 13.
The slop ¢ of this curve is the respousivity defined
in Kq. (4) and, as expected, is constant until about
gray level 117, then drops ofl. The data can be well
represented by the function

V' - d)] -l d‘?]/:\ —[ (/)3((1 - 1/:\)2 (5)

where a is the position of the knee, and the subscript
minus sigh at the end of the last terin signals that it
is to be included only when I/} is greater than a. The
parameters ¢y , ¢y, 3, and « were cstimated using
a non-linear fitting program.

The transmittance of the neutral density filters was
mecasured using a tungsten coil lamp arid the spec-
troradiometer with an uncertainty of approximately
4 3 pereent.

Application in the Experiments

In the experiments the camera and optics were
mounted outside the chamber ahout 39. 5 cin from the
cathode. The video output fromn the camnera was dig-
itized to provide real-tilllc monitoring of the temnper-
ature distribut ion. One linein video memory chioscii
to correspond to the axis of the cathode was sampled
from ecach frame. A given number of lines were aver-
aged, displayed in real time, and periodically stored
on disk. Iigure (5) shows a typical cathode axial pro

file obtained by averaging 20 frames. The axial posi-
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tion is measured in mm from the' cathode tip and is
defined to be positive in the downstream direction. A
small sig nal due to radiation fromn the plasina pluine
is visisble downstream of the cathode. The intensity
varies with the pressure and the current level, but is
typically 7 to 15 gray levels.

The mverse o f  the calibration relation given in
Iq. (5) was used to determine the radiance incident
on the system from the measured response. The tem-
perature is determmned from Plarick’s distribution,
Iq. (2), the cathode emittance and neutral density
filter transmittance, and the measured radiance,
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The wncertainty in the temfperatu re measurement is
given approximately by the expression
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The c,(\ng;hv){y to the )II(‘(‘])(‘H(‘(‘]]( paran l(‘l(‘l\ is
small because the multiplying factor (Aig k7 fhe)? s
approximately equal to 0.01-0.02. 1T ¢ interference
filter is assumed to block perfectly outside a narrow
region, so thelast terin is negligible. Uncer Laintics
inthe neutral density filter transmittance contribute

approximately I percent to the standard crror. The
primnary contributors to the uncertainty arc the rel-

atively large and, to a certain extent, unquantifiable
errors inthe camttance of the cathode surface andthe
proper measurcment of the incident radiance.

The emittance of the cathode surface was assuimned
to beindependent of the viewing angles 0 and ¢,
which is truc for difluse cinitters, and roughsm faces
often approach this behavior. In addition, since the
cathode axial temperature profiles were taken parallel
to the surface normal, measurciments for the norial
emittance of tungsten were used inthe analysis. A
curve fit perforined by Pon [12] to emittance data for
tungsten ribbon lamps measured by DeVos [13] for
the wavelengt I 632.8 nm yields cinittances ranging
fromabout 0.44 at 2000 K down to 0.42 at 3400 K,
The errors inthe measurciments and the curve fit arc
quoted to be about 2 percent. To simphfy the analy-
is anintermediate value of ().43 corresponding to the
emittance at 2800 K was usedinkq. (6) for al tein-
peratures. This approximation represents an crror in
emittance of about 2.5 percent a 2000 K, but a very
small error inthe temperature range of interest.

llowever, this data is not necessarily representative
of thecathodesurface because emittance is extrercely
sensitive to surface topology and chemical composi-
tion. Roughness can substantially increase the emit-
tance, and liinited data from [14] indicate that the
cimittance for a tungsten surface with a characteris-
tic roughness Of 1- 3 jan could beashigh as 0.6 inthe
wavelength range of intercst. Since the energy radiat-
ing from a surface is characteristic of the Illat.trial in
athin layer less than 1000 A thick, relatively thin ox-
ide layers canihave asignificant iinpact. Because it is
virtually impossible to adequately characterize a sur-
face or quantify the eflect of surface irregularities and
composition, the emittance should ideally be mea-
sured in the experiinent. Measurcinents of cmittance
using cathodces containing small, high-cinittance cav-
iies [4,7,15] or wnspecifiedmethiods [16] arcinconclu-
sive. The measured values range fromalout 0.4 10
as high as 0.8.

The uncertainty in the estimate of incident radi-
ance 13 depends onthree factors - the uncertainty in
the systemn output determination, uncertaintics aris-
ing from the calibration curve fit, and systeinatic er-
rors associated withinapplicability of the calibration
relation. As discussed above, the variation in sensor
output can be reduced below one gray level by av-
craging a suflicient number of measurements. In all
analyses 20 sainples were averaged, giving a random
crror i the determination of Vs under the inherent
digitizer resolution,less then 0.5 percent. The uncer-
tainly in the fit, which reflects the randomn errors in
the calibration mecasurciments, is on the order of 0.04
11118 /1111 e, or less than 0.5 percent at the higher
temperatures. However, there could be a systematic
errotr in the calibration equal to the uncertamty in
theradiance values Of the calibrationsources, which
is about 3 percent.

Theapplicability of the calib ration rests on the va-
hdity of the assuinptions leading to ¥q. (4). It is
assu mied that the gains of the electronic components
arc constant, and that the detector responsivity /&g
is the same for all sensorsinthe array, because the
se nsors which receive the cathode image in the exper-
lments are not neeessarily those used in the system
calibration. T'he tests with the blackbody sourcein -
dicated that there is very little drift in the system
gain. Inaddition, the variability among iiage pixel
outputs is only 0.5 to 1.5 and the effect
of this uncertain Ly on temperature measurements can
be minimized by averaging scveral adjacent pixels.

gray levels,

The calibration relation also contains the source-
detector geometry inthe terms A cos 0 €2, SO errors in
these factors produce anuncertainty inthe calculated
radiance. Forthe focal length and source-detector
distauce used in these tests an error in the setup dis
tance of asmchas 25111111 produceslessthanal per-
cent deviation from the responsivity incasured in the
calibration.

For the calibration relation (o be valid the system
optics must have the samd transmittances as those
used for the calibration. This requires that thesame
opticsbe used, thatthe surfaces bekept clean, and
that all adjustable aperture settings be repeatable.
The maxiimum aper ture of thelens was chosen be-
cause intermediate settings of the diaphram proved
to beirreproduceable. Humination levels were con -
trolled with neutral density filters,



The finalassumption used in the calibration is that
the observed radian ce is cmitted by the cathod ¢ sur-
face, audnot other sources such as plasina radia-
tion. The interference filter was choscenbe cause it
winimized the contribution from the intense plasma.
The prime contributor is apparently continmum ra-
diation at the wavelength of the interference filters.
The pl ume intensity typically observed several min
in frout of the cathode tip corresponds to a hias of
only about 20 k, assuming thatit is representative of
the plasina signal intensity over the cathode surface.
Because the plasina layer over the ¢2ig100¢ sinfinee
imaged by the catnera is thinner than the jetin front
of the tip, the effect may be even less significant.

In conclusion, random errors in the temperature
calculation associated with uncertainties tn the traus-
mittan ce of the neutral density filte rs, emittance of
the surface andthemeasurcmentof the meidentra-
diance are well under 1 percent. Systematic errors
arising from var iat 1ons in source-detect or geotnet ry
and optical parameters can be minunized by careful
attention to the experimental set up. However unde -
estitnation of the true exnittance hecause of the effects
of rouglness or oxide layers canleadto cirors as ligh
as O percent and plasma radiat ion perhaps as high as
1 pereent. These two eflects are diflicult to quant ify,
but both yield ari overestimate of the temperature.

Fxperiment al Results

Cathode axial temperature distributions were nic a-
sured as a function of titne at current levels ranging,
from 600 to 1400” A andanargonmass flowrate of
0.75 g/s for two discharge chamber pressure levels,
2800 Pa ('21 Jverr) and 1470 Pa (11 Torr). Alto
2 A arc was initiated briefly with the high voltage
start supply at the desired ambicnt pressure before
the Miller welder supplies were engaged at a preset
current level at or near the desired value. After stant-
up, the cathode experiences a rapid transient assoc -
ated with cold cathode emission processes and then
a slower thermal transient.

The cathode initially operates in the non statior -
ary, cold cathode mode identified by highly mobile,
discrete emission sites. After a period of 1 to several
seconds, depending on the curventlove [T, the cath
ode becornes sufliciently hot to maitain thermionic
cmission and a transition to a more stationary at -
al

tachiment the cathode tip occurs. As shown in

Figure 6: Photograph of the discharge region.

the photograph in Fig . (6), some portion of the tip
and shaft o f the cathode is enveloped in a bright,
teardr op-shaped plasma plume. This blue mner core
is surrounded by a less intense yellow p lume that ex-
tends from the cathode attachment to the anode.

Int hese experiments t he discharge was operated
at constant current and pressure conditions for peri-
ods ranging from 7 to 90 winutes. Tn most cases the
operating time was sufliciently lorig for the cathode
tetnperature distribution to reach a stationary state,
The cathode therinal behavior as a function of cur-
re ntlevel and aimbient pressure will first be presented,
then the transient thermal behavior willbe discussed
hriefly,

Stationary Temper:iture Distributions

Thetemperature as a function of axial distance from
t he tip (positive downst reamn) measured at 2800 I'a
is displayed in Fig. (7). The temperature decreases
monotonically from the tip toward the base for all
currents tested. The profiles have a  characteristic
shape, with a a shortregion at the tip where the ten v
perat ure is relatively const ant , followed by a sharp
temperature gradient and then a lincar dee rease
tem perature over most of the upstreatn part of the

shiaft. The tip temperature incrcases slightly with
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current, ranging from about 2700 to 2800 K . 'T'he
Last temperature increases more rapidly with rising
current, producing aflat ter profile. During the exper-
iments at 2800 Pa, the blue plasina pluine was con-
fined to the hemispherical tip of the cathode, and the
region of fairly uniform temperature corresponded to
the part of the cathode enveloped by the plume. Re-
peatability of these incasurcinents is good, as indi-
cated by the agreement between the two profiles mca-
sured at 800 A.

The corresponding temperature profiles measured
ala lower pressure of 1470 P’a arc shown in Fig. (8).
The characteristic shape of these profiles is consider-
ably different from that observed at the higher pres-
sure. A small temperature peak at the tip is fol-
lowed by either a plateau in temperature or a second
peak located further upstream. At this pressure, the
tip teiperature aso rises slightly with cu]-rent, vary-
ing over a relatively smallrange of 2600 to 2800 K.
The base ter nperature and the tempera ture along the
cathode shaft rise much more dramatically with cur-
rent. In these tests the app carance of the plume was
also different from the higher pressurc experiments.
At low currents, the brightest part of the blue pluine
was concentrated on the tip, but aless intense blue
plasma covered a portion of the cylindrical shaft up-
stream of the hemispherical tip. At, higher current
levels, the intense blue pluine enveloped all of the tip
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Figure 8: Axial temperature profiles measure at

1470 Pa

and part of the shaft. Observations of the discharge
through a narrow bandpass filter centered at 488 nimn,
where a strong argon ion line is located, revealed a
peak in the intensity in a thin layer less than 1 mn
thickncar the cathode surface. The brightness of this
layer sccmedtobehighest at the cathode tip aud at a
location furtherupstreain on the cathode. Compar-
ison of the two ncasuremnents made at 1000 A and
800 A shows that the tip temperature is very repeat-
able, but that the upstream portion of the profile has
some variability.

The temnperature variation with current is suinina-
rized inI'ig. (9). As indicated by theindividualtem-
perature profiles, the tip teniperature increases with
current for both cases, but for a given current level
the tip temperature is slightly higher at the higher
pressure. I'or both pressure levels, the rate of tip tein-
peraturc increase drops with increasing pressure. At
the lower pressure, the temperature in the upstream
peak is below the tip temperature for low currents,
but rises more rapidly and exceeds the tip teinpera-
ture @ a current level between 800 and 1000 A .

Temperature profiles inecasured at 1470 and 2800
Pa for adischarge current of 1000 A arc comparcd
in Fig. (10). 'The tip teamperatures arc similar and
both curves appear to approach a comparable base
temperature, but the behaviors in the middle of the
cathode are quite different. The high temperature
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region extends much further back in the low pressure
case. The upstream boundary of the attachinent zone
is identified as theckneeinthe temperature profile, as
show n in Fig. (10). The change in slope at this point
indicates the end of the region where the high temper-
aturc is sustained by heat inputs from the arc attach -
ment. The variation inthe location of this houndary
and the upstream temperature peak with current is
displayedin Fig. (1 1). At the higher pressure, there
is not much change in the length of the attachiment
zonc as the current is increased. However, at the
lower pressure the length of the arc attaclinent re-
gionand the location of thetemperature peak both
increase up to about 1000 A andthen become ap-
proxiinately constant.

Transicnt Thermal Behavior

In all of the experunents the cathode temperature
rosc over the course of several minutes, asymptoti-
cally approaching a stationary distribution. The time
constant. of these transicnts generally ranged from &
to 15 minutes. Figure (12) shows a typical thermal
transient for a run at 800 A and 1470 Pa.T'he tip and
the location of theupstream temperature peak start
60 and 20 K lower than their stationary values and

approach these values with time constants of about 8
and 12 minutes, respectively. For this case the edge
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Figure 10: Comparison of temperature profiles at low
and high pressures,

of theattachinent zone corresponds approximately to
the 2400 K isotherm. The plot of temperature con-
tours for thisruninkig. (13) shows that the length
of the attachimentregion grows with time also, a phe-
notncnon observedin al of the low pressureruns.

Discussion

The behavior observed in these experiments sug-
gests that a transition between tip attachient and
diffuse mode attachiment triggered by a decrease in
pressure is occurring. At a pressure of 2800 I's, the
arc attachment is concentrated on the cat hode tip
and increases inthe total current arc accommmodated
by increases in the tip teinperature. A cathode tip
attaclhiment thermal model comnbined with a model
of the near-cathode plasina described in [3] predict s
arcstrictedrange of allowable tip tem peratures for a
given combination of pressure, work function, current
level, electron temperature and sheath voltage. For
pressure and current values similar to those encoun-
tered inthese experimentsy a work function of about
3.5 eV, an clectron teinperature of 1¢V and sheath
voltages onthic order of 10 V atemperaturc range of
about 2600 to 2800 K is predicted, which is consistent
with the experimental observations (sce Figures (12)
and (13) in [3]). However, detlailed comparisons be-
tween the experimental and theoretical behavior have
not. yet been conducted.
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Figure 11: Variation in the position of he attachment
zone boundary and the upstream temperature peak
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At lower pressure levels, the tip region is appar-
ently unable to satisfy all of the current demands.
‘I'he measured temnperature peak at the tip and the
observations of the plume intensity in that region
indicate that the tip still plays an important role.
However, arc. attachinent fromthe cylindrical shaft
becomnes more iimportanit and dominates at high cur-
rent levels. This behavior was also scen by Krille at
low pressuresinargon [10], andthere is evidence that
the temperature peak shifts even further upstreaim
at lower pressures [4,7). The cathode thermal model
cannmol yet reproduce the tip temperature peak and
the second peak upstreamn under these conditions.
The model tends to predict a temperature profile that
is nearly uniforin within the region where arc attach-
ment is permitted, with only a shight upstrean peak
due to Joule heating. This inay be an artifact of spec-
ifying uniform plasma and surface properties along
the cathode axis. The observations with the 488 win
filter suggest that there arc axial variations inthe
near-c athode plasma within the attachient zone.

The observed thermal transients are not yet under-
stood. The time constauts appear to be g;l-cater than
those associated with hicat conduction through the
tungsten. The increase in radiance may be an effect
of changing surface conditions. As the surface chemi-
cal state or morphology changes, the emittance or the

2680 ——

2660~ 4690006206000
& 2640- 060T6"

2620

¢

Temperature

. []nr.mrL
2600 ”/j gnnngnﬂ gobunatio oot
IR

e J:=800 A, P=1470 Pa
2580 ﬁ'ﬂ 1 o lip
2560 - 1 Upstream Peak
T T T T Y
0 5 10 15 20 25 0

Time (rein)
Figure 12: Cathode thermal transient behavior.

work functionmay change. This could produce either
a true temperature transient oranapparent change
intemperature caused by an emittance change.

Subscquent experimental activities will be directed
at extending the thermal characterization to both
higher and lower pressures, and measuring key model
paramecters directly. The model will be used to map
out the input parameter space to compare with the
obscrvations.
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