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Laser induced fluorescence (LIF) was used to measure the mean and variance of the velocity distribution of xenon
ions emitted from two hollow cathode assemblies operating at low péligdr-energyions detected inplume-

mode and spot-mode operation are consistent with the potentieddditl of high-energyon production. The
distributions of velocities were modeled, yielding temperatures on the orddewf &V in plume-modand one

eV in spot-mode. LIF of neutral xenon atoms in the pluimdigatedthermal temperaturesignificantly less

than the temperatures associated with the ion velocity distributions.

Nomenclature

Introduction

c Speed of light, 2.998«%0n/s Electric propulsion devices such as ion engines and
g() Normalized Gaussian lineshape Hall thrustersare emerging as replacements for
e Electron charge, 1.6022¢10C chemical rockets on satellitesd planetary probes
E Electric field strength (V/m) becausdhey use significantly less propellant as a
F Total axial force applied to the gas (N) result of their higher specifitnpulse. Long life,

J; lon saturation current flux (A/cth orificed hollow cathodes argenerallyconsidered to

k  Boltzmann constant, 1.3807<¥QJ/K be required asthe electron sources for these
m, Mass of an electron (kg) propulsion systems.

m;, Mass of an ion (kg)

m heavy particle mass (kg) Severe erosion daflectrodesaandstructures, such as
n  Number density (cr) the cathodeheater,near hollow cathodes operating

r radial position (m) at high emissiorcurrents (a fewtens of amperes)

t time (s) could limit the lifetime of these enginésA 2000

T. Electron Temperature (K) hr test conducted atthe NASA Glenn Research
v Speed (m/s) Center (GRC) identified dischargathodeassembly

z Distance from cathode erosion as one of the primary potentiailure

A Wavelength (nm) mechanisms resulting from long-term operation.
iU Permeability of free spacerm 0’ H/m Employment of &keeper electrodehasprovided an

v Frequency (1/s) engineering solution for the current NSTAR

p Heavy particle mass density (kgjm configuration* However, a greater understanding of
o Heavy particle collision cross-sectionqjm the physical phenomenassociatedwith cathode

Q Solid angle operation is required for confidence in further

In(A)  Coulomb logarithm

" Graduate Student, Student Member, AIAA.

" Undergraduate Student, Student Member, AIAA.

thruster development.

The cause ofthis erosion isbelieved to behigh-
energy ions produced near the hollow cathode
orifice. FriedlyandWilber proposedhat the high
energy ofthe ions (significantly higher than the
cathode to anodéall voltage) may resultfrom
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production of theséons nearthe maximum of a
potential profilenearthe cathode. The ionswould

be accelerated tdhigh Kkinetic energies as they
moved offthe potential-hilt Data obtained by
electrostatic energy analyzer (ES&)d by retarding
potentialanalyzer(RPA) confirm theexistence of
the high-energy ions and indicate that these ions are
emitted in a roughly collimated beaaway from

the cathodé?

To avoid perturbing cathode operation and/or
melting of the probe, Langmuir probe
measurementare typically not madewithin about
0.5 cm of thecathodeorifice.®> Because it isnon-
intrusive, laselinducedfluorescenceLIF) hasbeen
used undesimilar conditions tomeasure plasma
properties:”® LIF is particularlyattractive inthis
case because diie small physical dimensions and
the locally high plasmadensity (>10" cm®)°.
Verification of the “potential hill” model or
discovery of anothemeans of high-energy ion
production will provide the confidence necessary for
development ofmany electric propulsion devices,
especially ion engines.

Theory

LaserinducedFluorescence
Laserinducedfluorescence(LIF) is the incoherent
emission of photons from an unstaleleergy level
(electronic in the case of xenon or other
monatomics) populated by the absorption of
photons from the laser. In general, teeergies
(wavelengths) othe absorbedand emitted photons
are different. Indeed,emission mayoccur at many
different wavelengths.

The absorbing neutral xenon, Xe |, @ingly
ionized xenon, Xe Il, will'see” the wavelength of
the incoming photonsshifted by the relative
motion of the ion in thedirection ofthe photon.
This Doppler effect is seen as spectral line
broadening due to the random therrtidbxwellian)
or artificial (accelerated)variations in absorber
motion. It isseen as a potentialllarge Doppler
shift due to abulk velocity. In either case, the
change in photon frequeneyis

Av =v, [E/%E
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Xe | and Xe llhave naturalbsorption/ emission
transitions throughout the visible spectrum. Xe I
LIF was stimulated at the #00 6p'P° (605.28
nm) transition,and emission at the 6B 6p*'P°
(529 nm) transition waselectedfor collection, as

it has the strongest emissiavailable from the
6<'P° state. Xe | LIF was stimulated at the
6s’[1/2]°0 5f[11/2] (582.5 nm) transition, and
emission at the 6s’[1/4] 5f[11/2] (617.97 and
617.83 nm) transitions was collected.

A dual-beam configuratiomterrogatedthe plasma.
This permitted simultaneous measurements of
radial andaxial velocity components. The beams
were split just downstream ofthe dye laser as
shown in Fig. 1. The beam passingerpendicular
to the axis of thecathode directly measured the
radial component of velocityand is referred to
below as the‘radial” beam. The othebeam
measuredhe velocity in thedirection ofthe beam
which has bothradial and axial components.
Because it was used to determinethe axial
component, it isreferred tobelow as the“axial”
beam. The axial velocity component,, \can be
deduced from the radial velocitys,\and the off axis
velocity, \,

_ Vo —Vgcos(a)
=2 R 7 2
Va sin(@) 2)

as illustrated in Fig. 2.

Assuming statistical independence of the
temperatures (distributionsassociatedwith each
velocity component, the true axial temperaturg, T
can be calculatediven the“temperatures” in the
radial, T, and off axis, Ty, directions. This
assumption yields an eIIipticaI relationship:
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Solving for the aX|aI temperature yields
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Fluorescenckineshapeviodel

Estimating thetemperaturgequired amodel of the
fluorescence spectrallineshape. A first-order
approximation to modeling the lineshape of the




LIF signal wasusedfor this study; a moreletailed
model of the hyperfine and isotopic line structure is
under development.

Some broadening mechanisms such asatural
lifetime, collisions, and transit timeere neglected
because of the low densigndthe smallresonance
time of theexcited state. Themodel considered
only Doppler broadening which assumes a
Maxwell-Boltzmanndistribution. Averaging over
the Doppler shift of each velocity component in the
distribution yields a Gaussian lineshape,
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where Av,, is the full width at half maximum
height (FWHM):
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Xe Il LIF datafrom the low-temperaturereference
cell werefit with six arbitrarily-locatedGaussians.
The line centersand relative line strengths of the
Gaussianswere maintained in all subsequent
reduction of Xe Il LIF data. This provided a fair
approximation of the temperature, as well as a
diagnostic for any possible power broadening.

Similarly, data for Xe | LIF from theeferencecell
were also fit with six Gaussians. This dippeared
to agree well withdatafrom different runs and was
used to reduce all of the Xe | LIF data.

Centerlinesandrelative magnitudes foboth Xe |
and Xe limodelsaregiven in Table 1. Theenter

of the primary Gaussian in the reference cell fit was
taken as azero velocity datum. Speedswere
determined bythe shift in this lineincorporated in
the entire fit.

Apparatus and Procedure

Cathodes

Two hollow cathodeassemblies (HCAs)ere used

in this investigation. Botlwere provided to the
University of Michigan by NASA GRC.Under an

agreement with GRC the dimensions of tathode
orifices and details of their chamfering are not

provided here.

One HCA was a prototypspacestation contactor
with a 0.635 cmdiameterhollow cathode. The
keeper to cathodgap was 0.2 cm. Acylindrical
anode approximated the conditions around the
discharge cathode of aon engine. The 6.35 cm
anode diametawas chosen to facilitate comparison
of data with previous investigations of ion
velocities®* Four 7 cm axial slits cut into the
anodefacilitated observation ofcathodeoperation,
alignment of probes, and LIF measurements. Tests
were performed with and without voltageplied to
the anode electrode.

The other HCA was the “AR3'tathode used in
HCA performance evaluation testing® It
incorporated &0.318 cmdiameterhollow cathode
and a keeper plate located 0.4 cm downstream of the
cathodeorifice. The openkeeper configuration
permitted LIF in the cathode-to-keeper gap. The gap
wasincreasedrom the nominal 0.2 cm to 0.4 cm
because the keeper electrodeextended several
millimeters above thecathode andwould have
blocked the “axial® beam if it had not been
retracted. This increase allowedinterrogation at
several data points.  The physicalphenomena
existing in the gap wasxpected to besimilar
regardless of the gap length.

HCA handling and conditioning followed
procedureslerivedfrom experiencewith the Space
Station Plasma Contactor progratt'? These
procedures ensurethe best possible means to
achieve similar cathode lifetimes, providing
continuity to the research effort.

The HCAs were operatecbver a wide range of
discharge currents and voltages.  Theprincipal
limitations on the outputpower were the flow
meter's maximum flow rate (5 sccrapdthe anode
wiring (8 A). Table 2 summarizes theperating
conditions. The current/voltageettings of the
HCAs were chosen to correspond to potential
applications. However, the high operatiiagrrent
of a HCA in a space station contactor configuration
was beyond the capability of the testing facility. In
general, the operating conditions of the H@&&h

an anode were randomly chosen to presantxaof
spot and plume modes ovetthe range of testing
capability.

Facility
These experimentaere conducted irthe Cathode
Test Facility (CTF) at the Plasmadynamics and



Electric Propulsion Laboratory at the University of
Michigan. The CTF has aimside diameter of 60
cm and alength of 245 cm. A 41 cndiameter
cryogenic vacuum pump maintained a hightuum

in the chamber during testing, withbasepressure
of approximately ¥10° Pa; acold cathodegage
measured the pressure. The pump speed on Xe was
approximately 1500 L/s. The CTF propelldesrd
system wasglesigned andnaintained as closely as
possible to the specificationsstablished in the
contactor program.

In all measurements, th&aser beamsand the
Langmuir probewere fixed andthe HCA was
moved to permit interrogation of points in the
HCA plume. Three degrees of freedomwere
provided by two 30 cm translation stagés axial
and radialmotion) and alab jack with stepper
motor (for vertical motion). The jack wasounted
to a plate bolted to rails on the wall of tRElF;
the axial stage was mounted on the jaahg the
radial stage was mounted on the axial stage.

The two translation stagewere controlled and
monitored via a computer. Resolution was on the
order 0of0.025 cmfor both stages. The jack was
controlledmanually, with aHeNelaser facilitating
alignment. Resolution on the slow-movilack
was about 0.05 cm, corresponding to the |apert
size.

LaserandOptics

An argon-ion pumped Coheredye laser (899-29
model) was used with Rhodamine-6G dye. Typical
power was0.25 W at 605 nmand0.35 W at 582
nm. Thelaser wavelength wasgaried over 0.024
nm (20GHz) in 0.061 pm (50MHz) increments.
This scanningandthe synchronizediata collection
were computer controlled.

Because ofthe large naturalfluorescence aboth
529 and618 nm, thelaser beamsare chopped in
order to phase-lock the lasanducedfluorescence.
In order to distinguish velocity components, the
“axial” beam was chopped att000 Hz while the
radial beam waschopped at880 Hz. About 10
percent of the radial beam wsglit off downstream
of the chopperand passedthrough thecenter of a
hollow cathode in &eHamamatsu opto-galvanazll
with Xe and Negases. The voltagapplied across
the opto-galvanic celldetermines the plasma
densityandtemperature: A deloltage of 150 V
produced aroptimal LIF signaturdor Xe I, while

330 V gave a strong Xe Il signal. A Chromex 0.5
m monochromator with a Hamamatsu 928 photo-
multiplier tube (PMT) collected the fluorescence.

The laser and optics shown schematicallyFig. 1

are located in acontrolled atmosphere/low-dust
enclosure. The beams are deliveredh® CTF and
then to thecathode asshown in Fig. 3. The
fluorescence from the cathode plume is collected by
a small H1011l Spex monochromator with a
Hamamatsu 928 PMT.

Operational amplifier circuitgonvertedthe PMT
current signals to voltage signals. Lock-in
amplifiers then isolated the fluorescence
components of these signakgparating the CTF
“axial” from theradial component. TheCoherent
899-29 Autoscan software collected and matched the
laserfrequency tothese signals. Aurleigh wave
meter on loan from NASA GRC was usedvrify

the frequency of the laser.

Laseralignment wasaccomplished intwo stages.

A 0.0125 cmdiameter Tungsten wire cros$air
was placed 6 cmdownstream ofthe keeper to
facilitate rough alignment. Th#ocal volumes of

the two laser beams were overlaid on the cross hair,
which was within 0.1 cm of theathode orifice
centerline. Fine alignment consisted of
minimizing the radial Doppler shift (zero radial
shift being centerline)and maximizing the signal
strength of the “axial” Doppler shift.

Langmuirprobe

A flat Langmuir probe with ®.0125 cmdiameter

tip was used to measureplasma properties,
especially plasma potential. Because severe erosion
of a guardring on the probe wa®bserved in
previous experiments, nmonductorwas placed on

the external surface ofthe 0.075 cm diameter
alumina insulator on the probe electrode.

Langmuir probesare subject to four “sheath”
effects: deviationfrom quasi-neutrality, plasma
density perturbationjon energy depletion, and
electron energyperturbation® The significance of
theseeffectsdepends orthe mean-free-pathh,, of
the plasma, which isestimated from Langmuir
probe data. Previous measurementsth a similar
probe show that the medee path of the plasma
varies from 4.0 cm to roughly 40 cm. Thleeath
thickness will be on the order o# 50 cm. Since
the probediameterand sheath thicknesare much



less than the meafnee path, these sheatiffects
can be neglected.

The tip of the Langmuir probe was fixed 3.5 cm off
axis from the interrogation point of the lasers. The
cathode was moved backand forth, permitting
interrogation by either the laser or the probe at the
same point along theathodeaxis. Theprobe was
oriented normal to the axis of the cathode.
Alignment with thecathodecenterline consisted of
maximizing themeasuredlectron number density,
which was calculated in realtime by the data
acquisition software.

Results

Becausehe LIF signal strength was optimized at
most points of interrogation, theata is presented
in a self-normalized format. Periodically, a
polarizerwasused tovary the power of the laser
beam upstream of the first beam splitter aheck

for saturation and power broadening. No saturation
or power broadening was observed.

1/4” Contactor HCA lon Data

Figure 4 showdluorescencedata collected during
an LIF interrogation 5 mmdownstream of the
keeper ofthe Contactor HCA operating in a 6 A
spot-mode. The trends in Fig. 4 were typicatata
taken at all locationgnd operating conditions of
the Contactor. The slight offset of tiedial signal
indicates that the point of interrogation was
slightly above thecenterline ofthe cathodeorifice.
The effects of this were taken into account in
reducingthe axial component of the velocity via
Eqn. 2. The relatively well-defined pedlesilitated
the calculation of bulk speeds. However,
uncertainty in the angle betweenthe two laser
beamsyielded aten percent uncertainty in axial
speeds.

Figure 5 gives thecenterline axial velocity
components for the four Contactooperating
conditions. Note that there was a significant rise in
the velocity of the ions afew centimeters
downstream ofthe keeper face inall cases. No
variation in axialspeed+.0.5 and 1.0 mm off
centerline was observed’his symmetryexisted in
both plume and spot modes.

The radial velocity was roughly 500 m/s in all
spot-mode cases and varied from 60®%) m/s in

plume mode. The trend of small, rouglignstant
radial velocities suggests thahere was aslight
alignmenterror since theradial velocity should be
identically zero oncenterline. If the HCA was at
an angle, theadial velocity should varywith axial
position. This slight misalignmenintroduced a
negligible error in axial speed measurement.

While the magnitudes ofeach distribution are
normalized, the line widths reflect the actspteads
in the data. Note that much of thestructure
observed inthe referencecell signal is notpresent
in the HCA data. Significantly reducing laser
power in eactbeamdid not reducethe line widths
and did not reveal more structure. Reducing the
lock-in time constantand increasing theime of
the laser scan also had no effect.

The temperatureassociatedvith each ofthe three
signals were calculated bythe model described
above. The fits are shown in Fig. 4 deshedines.
Failure of themodel to fit more closely in the
wings may result from the non-physicahture of
the model, a non-Maxwellian distribution of ion
velocities, noiseamplified in the normalization, or
some combination of these.

Figure 6 gives théemperature associatedth the
axial and radial measurements.  Therror bars
reflect aten percent uncertainty iditting the data
by hand. The values for spot-mode operation are
roughly constant, varyingetween0.5 and1.5 eV.
In plume-mode, the axialemperaturesare larger
and decrease significantlyith axial position. The
narrowing of the profiles most likelyesulted from
the migration of lower-energy ions from the
centerline, leaving anarrower distribution of
higher-energy ions.

1/8” AR3 HCA lon Data

Figure 7 showdluorescencedata collected during
an LIF interrogation 0.5 mndownstream of the
keeper ofthe AR3 HCA operating in d.5 A
plume mode. Thesedatashow typicaltrends for
the AR3. The slight offset of theadial signal has
been eliminated. Aswith the Contactor, the
relatively well-defined peaks facilitatedthe bulk
velocity calculations. Plume-mode LIF signal
strengths were comparable to those of the
Contactor; however, the spot-modgnals were
much weaker.




Figure 8 givescenterlinebulk axial speeddor the
AR3 at various operating conditions. lom®ving
towards the cathode orifice were consistently
detected with energies of a few eV.

Figure 9 gives théemperatures associatedth the
axial and radial velocity distributions. Note that the
axial velocity magnitudewvere significantly higher
than the radial.

NeutralTemperatures

Potentially, the temperature of the HCA plume can
be approximated byhe ion temperature. As an
alternative, theemperature of neutralenon, Xe I,
was measured using LIF.

Figure 10 shows a typical Xe | LIBcan of the
AR3 in plume-mode. Note the virtuaverlap of
the radial, axial, and referenceprofiles, implying
that the bulk velocity of the neutrals wasry
small. Theneutral signal wasvery strong in
plume mode and very weak in spot mode.

Table 3 gives neutral temperatures at the phaihe
of the AR3 cathode. These temperaturegre
nearly anorder of magnitude below theadial ion
temperatures. The temperatu@®pped by fifty
percent a fewmillimeters downstream of the
cathode orifice.

Langmuirprobe

Langmuir probe data were taken during operation of
the AR3 HCA. The Langmuiprobe measured
floating potential, plasma potentialelectron
temperature, electron saturation current, and
electron number density; theskata werereduced
graphically.

Dataweretaken duringsimilar previous Contactor
HCA operation. Quantitative comparisobpstween
that investigatiorandthe present one mayot be
accurate.Contactor HCA data are presented for
qualitative comparison only.

Of particular interest tdhis investigation is the
plasma potential, which shouldirectly reveal the

presence of a “potentidlill." Figure 11 gives the
plasma potential foseveral ofthe AR3 operating

conditions and a couple Contactor operating
conditions. The potentialgaried, but there is no

indication of a pronounced peak.

Discussion

The physical mechanisieading toions traveling
away from the negativeelectrode with energies
greaterthan thedischargevoltage is unclear. One
theory posits theexistence of apotential-hill
downstream ofhe cathodée? In the region othis
hill, electrons emitted by theathodeionize the
neutrals. Thesecondaryelectronscreated bythis
ionization areable to escapebut the heavierions
accumulate, inducing thpotential-hill. Once the
hill has started to develoghe potential continues
to grow, establishing a stateetweenion ejection
and trapped secondary electréhs.

The velocities at which iongscapefrom the hill
away from the cathodare determined byhe Bohm
condition for a stable sheath. Assuming both
primary and secondary electrons, the Bohm velocity

is
0 o2
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Either thepeak potential or the velocity must be
measured. The peakvoltage, predicted to increase
with electron temperature and to decrease fiativ,

is expected to be inhe tens of eV forcathode
operation. The current flowing back toe cathode
has been found to be smdll.

Table 4 gives potential peakecessary tachieve
some of the measurédn velocities. These values
assume all of the ionwerecreated athe peak of
the hill. They aretherefore, lowerdimits on the
peak potentials.

An alternate explanation dahe high-energy ion
production postulates aMPD effect’® In this
model, the high-energions are accelerated by a



self-inducedmagneticfield in much the same way
ions are accelerated in anMPD thruster.
Considering theelectrode diameters to kibose of
the cathode andkeeper orifices, the electric field
would have a significant radial component. s@lf-
induced azimuthal magnetic field wouldsultfrom

the ion motion. Thisffectwould becharacterized
by an almost instantaneous acceleration (jump) to a
high velocity. The acceleration is provided both by
the crossing of theadial arccurrentwith the self-
generatednagneticfield and by axial components
of the arc current crossing with the azimuthal
magnetic field, yielding aadial gradient in the
gasdynamic pressute. Thesetwo effects can be
integrated over the cathode face, yielding

uJ"'
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For a flow rate on the order of 1 scand a current
of 6 A, the exit velocitywould be onthe order of
0.075 m/s. Indeed, arupper bound tdhe exhaust
speed derived from the magnetic field is

pel
21,
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For 6 A, thisyields alimit of roughly 5 m/s.
Thus, even though the data may qualitatively
suggest this mechanism, it seems twve
negligible impact.

1/4” ContactotHCA

The Contactor data was consistent with a potential-
hill located downstream dahe keeper. Inmost
cases, it would have to beithin the first 2 mm.
However, the 6 Aplume-mode case indicates the
presence of a hill roughly 10 mm from the keeper.

The observation of higher-energy ions in both spot-
mode and plume-mode isconsistent withseveral
previous investigations:*®'” As expected, the
peak energy ishigher for theions generated in
plume mode (higher electron temperatane lower
flow rate forthe same current). The relatieial
peak locations are also consistent withprevious
Langmuir probe measuremerits.

The low velocitiesnearthe keepermay indicate a
pre-acceleratiomegion verynearthe keeperorifice.

This phenomenon may result from thery high

density of ions near the orifice in spot-mode.

The temperatureare lower than those observed
using different techniques® In general, this
investigation would tend to lenditself to over-
predicting ratherthan under-predictingthe width.
Saturation, power-broadening, poor  spatial
resolution,andtime-constant smoothingrould all
tend to broaderthe width. While thesewere
actively avoided via periodic variations in laser
operating conditions, theabsence wouldhot tend
to artificially narrow the spectrum.

1/8" AR3 HCA

With the exception of the0.5 A operating
condition, there was nevidence of gotentialhill
in the cathode-keepeigap. The smallspeeds
measured at the cathode exit plane in the Ocage
may result from a slight misalignment.

The absence of a peak e spotmode data may
result fromlow-power operation. Irplume-mode,
failure to detect ahill might result from apeak
downstream of the keeper. Thrtendedgap might
also affect the high-energy ion production.

Neutraltemperatures

To lend physical foundation to thélF-measured
neutral particle temperatures, a theoreticaidel
was developed to predict the heavy particle
temperatures irthe hollow cathode. Salh?? first
derived this model for the radial distribution of
heavy particle temperatures from a discussion of
equipartition in a two-temperaturglasma in
Spitzer?® The neutralsare assumed to equilibrate
with the ionsover length scales much shorter than
the dimensions of theathode. Consequently the
heavy particle temperaturdistribution is modeled
by solving the one-dimensionatjme-dependent
heat transfer equation

}irKdT —~h ®)
rdr dr =% dt

The time derivative
Spitzer®

is defined according to

dr _ T —-T,

dt teq
where {, is theequipartiontime. Spitze?’ reports
the convenient form of the equipartion time as:
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The thermal conductivity wasalculatedusing the
mean free path methgtl*

_ 2k KT,
K=— |—-,
o \m,

and the densityand specific heatwere rewritten
using the kinetic descriptiéh

pc, = emFBLD:§nek. (10)
P %mﬂ 2

The model byMandell and KatZ®> was used to
obtain estimates of thelectron temperature and
number densitywithin the orifice. Thepredicted
number densitiesariedfrom 5 x 13*to 1 x 16°
cm®, andthe number densitiemngedbetween 1.8
and 2.3 eV. Theboundary conditions for the
differential equationwere zero radial temperature
gradient onaxis and heavy particletemperature
equal to the wall temperature atg=r

When solving for the radial heavy particle
temperatureprofile, sharpgradients were obtained
near the wall at number densities well below those
predictedusing themodel in?® As shown inFig.

12, the heavy particlemperature equilibratesith

the electron temperatusvay from the wall of the
orifice. The conditions used to generate Fig. 12 are
significantly lessfavorable for equilibrium than
those predicted using the orifice model or even
those measured in the insert regio® The
temperature gradient neathe wall made the
solution of thedifferential equatiorunstable at the
electron temperatures and number densiigected

in the orifice region. As &heck ofthe hypothesis
that the bulk of the heavy particlesare in
equilibrium with the electrons, the relation

T-T _ M (AeE)

T 8M, (3%KT)"

(11)

which determinesthe deviationbetween electron
and ion temperatures, wasvaluated using an
estimate of the field strength in the orifi@nd the
results showed approximate equality between
electronandion temperatures fothe conditions in
the orifice of thehollow cathode? Consequently,
the experimentallydetermined ion and neutral
temperatures reported here weteysically justified.
The authors point out that thpedictionmay not

be valid forplume mode characteristicdue to the
largetransients in the plasma whielne not taken
into account inthis derivation. Howeverthis
model predictsthe experimentallyobservedtrend
that the heavy particle temperatures increase in
plume mode due to the elevated electron
temperature$.

Langmuirprobe

The plasma potentialsneasured inthe cathode-
keepergap agreewith the LIF data. Nopotential
peaks were detected with either diagnostic.

It is possible that théailure to detect apotential
hill both in and beyond this gap resulted from
misalignment of the probe with theenter of the
cathode orifice. However the relatively large region
in which this peak should beletectedacrossthe 2
mm cross-section of constant velocitypuld tend

to mitigate against this.

Conclusions

Laser induced fluorescence was demonstrated to be a

viable technique for interrogating the ion plumes of
hollow cathode assemblies. The multiplex
technique permitted repeatable, reliable
measurement ofion speeds up to several
centimeters downstream of the HCA.

The LIF datatends tosupport the “potential-hill”
theory of high-energyion production in HCA
operation. This is especially true fplume-mode
operation, even though no peaksre detectedwith
the Langmuir probe. The relativelysmall
temperaturesnay result from theirst-order model
used toreducethem. However, they may also
indicate that the broaderdistributions observed in
other investigations result from doubly singly
chargedions, collisionalbroadening, or integration
of off-axis ions. Thiswould be consistent with
(but not necessarily supportedby) other
investigations which illustrate these effett€
A more accurate model of the ion energy
distribution has been developgd.

The difference in Xe | and Xe Hemperatures may
indicatethat the ion velocity distribution was not
an accurate indication dhe iontemperatureand/or
that Xe land Xe Il werenot in thermodynamic
equilibrium. The observed temperatures, whsed
in an equation oftate, were consistent with the



internal
operation.

cathode pressures observed during

Finally, the observation of ions beiragcelerated
back towardshe cathodeorifice indicatethat this
LIF technique will be of value in mapping the ion
velocity profiles near the exit of the discharge
cathode of anon engine. That investigatiowill
take place in the near future.
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Table 1 Parameters for the first order lineshape model.

Xe | Centerline Xe | Magnitude Xe Il Centerline Xe Il Magnitude
Fit (nm) (nm)
Gaussian 1 528.547023 0.94 605.282146 0.84
Gaussian 2 582.546061 0.55 605.283368 0.33
Gaussian 3 582.548201 0.355 605.279873 0.30
Gaussian 4 582.549548 0.05 605.280985 0.18
Gaussian 5 582.544759 0.05 605.284033 0.08
Gaussian 6 582.543933 0.035 605.285866 0.05
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Table 2 HCA Operating conditions.

Keeper Keeper Anode Anode Mass Facility
Current Voltage Current Voltage | Flow Rate| Pressure
A ) A ) (sccm) | (10°Torr
Designation )
1/4” Contactor HCA
4 A, spot-mode 4.03 13.07 - - 2.3 1.5
4 A, plume-mode 4.03 11.61 - - 4.0 3.1
6 A, spot-mode 2.15 10.24 4.00 16.90 4.0 2.9
6A, plume-mode 0.00 0.00 6.05 28.1 4.0 3.0
1/8” AR3 HCA
0.5 A, plume-mode 0.50 21.5 - - 1.0 0.7
1.0 A, spot-mode 1.00 16.99 - - 3.0 2.1
1.0 A, plume-mode 1.05 24.3 - - 1.0 0.7
1.5 A, spot-mode 1.50 15.2 - - 3.0 3.1
1.5 A, plume-mode 1.49 25.9 - - 1.0 0.8
Table 3 Neutral temperatures.
Axial Temperature Radial Temperature Downstream
Cathode Condition (K) (K) Position
:0.5 A, plume-mode 2000 1800 0.5 mm from cathode
1.5 A plume-mode 3500 4000 0.5 mm from cathode
6.0 A spot-mode 2250 - 0.5 mm from keeper
6.0 A plume-mode 5000 - 0.5 mm from keeper

Table 4 Potential-hill peak prediction.

Necessary Peak
Cathode/Condition (V)
Contactor: 4 A, spot-mode 27
Contactor: 4 A, plume-mode 45
Contactor: 6 A, spot-mode 30
Contactor: 6 A, plume-mode 50
AR3: 0.5 A plume-mode 50
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Vacuum
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beam chopper control
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Beam Splitter
\ Monochromator

N 529.2 nm
Fig. 1 Laser beam division and modulation.

Off-axis
Beam Radial Beam

Fig. 2 Relationship between measurgd¥d \, and calculated, M/
velocities using the multiplex approach.

Index:
. Argon-ion laser
. Dye laser
. Wavemeter
. Chopper
. Opto-galvanic cell
Monochromator
. 1-V op amp circuit
. Lock-in amplifier

. Focusing lens

I 5 E] 10. Collection lens

11. Monochromator

to A-D
system<

1 ]

to lock-in
amplifier

0 HA _or

(a) Laser and reference cell setup (b) Cathode test facility (CTF) setup

3 A schematic of the laser delivery and collection at the CTF.
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Fig. 4 Typical Xe Il LIF scan data of the 1/4” Contactor HCA. Data shown were taken 5 mm downstream of
the keeper in 6 A spot-mode operation.
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Fig. 5 Axial velocities for the Contactor HCA over various operating conditions.
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Fig. 6 Temperatures measured at different axial positions over various operating conditions of the Contactor
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Fig. 7 Typica Xell LIF scan data of the 1/8” AR3HCA Data were taken 0.5 mm downstream of the cathode
in 1.5 A, plume-mode operation.
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Fig. 8 Axial velocity distributions for the AR3 HCA over various operating conditions.
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Fig. 9 Temperatures measured at different axial positions over various operating conditions of the AR3 HCA.
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Fig. 10 Typical Xe | LIF scan data of the AR3 HCA. Data shown were taken 0.0 mm downstream in 1.5 A
plume-mode operation. The data were similar for the Contactor.
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Fig. 11 Plasma potential downstream of the two HCA'’s for various operating conditions.

17



