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ABSTRACT OF THESIS

CHARACTERIZATION OF HOLLOW CATHODES USING A FAST

ACTUATING ELECTROSTATIC PROBE

Despite their great advantages, electric propuldedces have seen limited use by
NASA and other space agencies over the past 58.yeéatile this stems from several
different issues, the long operation charactesstt most electric propulsive devices
make reliability/lifetime one of the driving fac®in their selection. Data from JPL'’s
Extended Life Test of the Deep Space 1 flight spamehruster (NSTAR thruster design)
revealed several important life limiting issues,eoof which being hollow cathode
erosion. To better understand this erosion andsiplly processes taking place,
characterizations of the cathode plasma region bristade.

The work herein describes a method for mappingnpdagarameters nearby a hollow
cathode using a high speed positioning system ars@gment-shielded electrostatic
probe. Contour maps of plasma density, plasma pateand electron temperature are
presented for wide ranges of discharge currentO(2A2 and xenon flow rate (1.5-6
sccm). These contour maps are constructed ovexiahand radial region 2.5-mm to
32.5-mm and 0-mm to 20-mm, respectively, relatvéhie orifice of the hollow cathode.
A comparison of plasma properties is presenteddifierent cathode configurations
including (1) a keeper-free cathode, (2) three @sed-keeper configurations, (3) three
anode configurations, and (4) an enclosed-keepdigtwation with an applied magnetic

field meant to simulate the NSTAR thruster disckargthode. Electron number densities



measured range from 1x9100 1x10130m-3, with plasma potentials and electron
temperatures ranging from 9 to 30V and 1.5 to 3eépectively. Several different
expansion behaviors were observed correspondimtfferent discharge conditions and
configurations. Finally, these expansion behavésrg other measurements made during
the study are summarized and briefly used to coenpath erosion models and others
work as well to make suggestions for future ardasualy.

Russell Hamilton Martin

Mechanical Engineering

Colorado State University

Fort Collins, CO 80523
Spring 2009
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NOMENCLATURE

Variables

A

=  cross-sectional area of probe shaft

(cm?) or general area

Arp

= Richardson-Dushman constant

(4nmegk?/h®) (120 Alentk?)

Aprobe =

B

da,b

probe surface area (ém

magnetic field (Gauss)
=  tungsten probe specific heat (J/kgK)

=  probe shaft outer and inner

diameters (m)

deff
)

E

Ex,y,z =

Erod

%o

effective separation (m)
=  probe deflection (m)

=  electron energy (eV)
electric field (V/m)

modulus of elasticity (Pa)

thermal energy (J)
= local electric field (V/m)
=  emissivity of a material

=  permittivity of free space (8.85x10

=  Lorentz force (N)
=  view factor

=  gravitational force at the surface of

the earth (N)

h

= Plancks constant (6.626x¥Qs)

= moment of inertia ()

XVi

=  specific impulse (s)

le =  electron collection current (A)

electron saturation current (A)

jroz = current density (A/R)

J = radiosity (W/r)

k = Boltzmann constant (J/K)

Kiog = probe spring stiffness (kg)s

L =  probe shaft length (m)

m = probe mass (kg)

Mt =  spacecraft final mass (kg)

M; =  spacecraft initial mass (kg)
Mg = probe shaft mass (kg)

m = mass flow rate (kg/s)

me; =  electron or ion mass (kg)

Ne = electron number density (tn
no = neutral density (cf)

N = neutral density flow rate (cfs?)
MNe = thruster and power conversion
efficiency

c =  Stefan-Boltzmann constant

(5.67x10° W/m?K*)

plasma conductivity (W/PK*)

Ge =
> =  error in EEDF second derivative
ppmbe = heating due to electron collection
(J/s)



q =  elementary charge (C)

Q... = cooling effect due to conduction
(J/s)

Q. = radiation heating component (J/s)
Q... = cooling effect due to re-radiating the

heat to the surroundings (J/s)
o, = temperature independent work

function (eV)

P =  probe shaft density (kgAn

T = thrust (N)
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T,i =  probe temperature at the current

time step (K)
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R, = probe radius (m)

Rt = thermal network resistance

Vg = probe bias potential (V)

V, = plasma potential (V)

Vop =  peakto peak voltage of biasing

waveform (V)
AV = incremental voltage step used in

EEDF calculation (V)

XVii

W = Ohmic heating effect (J/s)

o, = probe shaft natural frequency
(rad/sec)

Ve, =  particle velocity (electron orion in
m/s)

Vex = rocket exhaust velocity (m/s)

Vo = neutral thermal velocity (m/s)

Av =  characteristic mission change in

velocity (electron or ion in m/s)

ve = collision frequency (Y
Acronyms
NSTAR = NASA Solar electric propulsion

Technology Applications Readiness

GRC = Glenn Research Center

JPL = Jet Propulsion Laboratory

CSsu = Colorado State University

DAQ = Data Acquisition System
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PXI = PCI eXtensions for
Instrumentation (the type of computer system

used to record data)

RAPID = Rapidly Actuating Probe for lon
Diagnostics

EEDF = Electron Energy Distribution
Function

FFT = Fast Fourier Transform



CHAPTER 1: INTRODUCTION

Modern electric propulsion can trace its roots baokne hundred years to Robert
Goddard and his early experiments with dischargeed¥. Goddard proposed that
charged particles could be accelerated to greaicitiedls by an electric field without
excessive heating of the propellant. In contrast,known material at that time or
presently can withstand the heat load requirecttelarate gas particles to similar speeds
through chemical means (e.g., via a chemical rQckeédver the next fifteen years
Goddard again and again came back to his ideaslemtrie propulsion, where he
eventually performed some of the first experimentslectric propulsion. Goddard and
others at this early time concluded that a stre&positive and negative particles could
be the basis for a high exhaust velocity propulsigstem of the future.

A few years before Goddard began his inquiries eléxtric propulsion another man,
Konstantin Tsiolkovsk, in 1903 first published ttierivation of what is now known as
the rocket equatiorf, which relates the ratio of the final-to-initialass of a spacecraft,
M¢/M;, to the negative exponential of the ratio of tharacteristic velocity changay,
and the propulsion system effective exhaust velpail,,. The characteristic velocity
change represents the requirement of a given missiod, along with the effective
exhaust velocity, fixes the amount of propellansmaeeded to accomplish the mission

(i.e., M — My).

v v
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This equation is further defined by the right ssddeequation 1.2 where:

T \Y}

= =ex
' g, g, -

The specific impulse}, of a rocket is commonly used as a quality paramiat is
proportional to the exhaust velocity. It is a megasof how much thrust is generated per
unit flow rate of propellant. Modern chemical retk achieve specific impulses in the
range of a few hundred seconds. Electric propulgievices such as Hall and lon
thrusters are capable of operating at specific lsgsuof several thousands of secands
an order of magnitude higher than chemical rockdtsus for the same missiagv and
initial mass, M, the use of an electric rocket would allow a faeager final useable
payload when compared to a chemical rocket. Thisspecially true when the power
source required to drive an electric propulsiontesysis needed by the payload at the
final destination.

Despite this great advantage, electric propulsievicgs have seen limited use by
NASA and other space agencies over the past 50s.yedrhis is due in part to
(1) marginal electrical efficiency in the early yga(2) high fabrication and test costs,
and (3) reliability/lifetime issues related to tbemplexity of these systems relative to
chemical rocket technolofly Continuous improvements have been made in edleth
areas, but an improvement in the last item (ance@sly in regard to lifetime) is
essential to see the use of electric propulsiorofaeccommon place in future space
missions. This is because thrust in an electripgiion system is limited by the total
available power generation capability of a spadecrs#vhen thrust is low, thrust times

(and thruster lifetimes) must be large to delivee tequired impulse to a spacecratft.

Equation 1.3 demonstrates this limitation:
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This equation equates the electrical power depbsitéo a beam of accelerated
propellant to the rate of kinetic energy changéhim beam. The product of the thruster
efficiency, nt, and the power conversion efficiency, decreases the amount of available
spacecraft power delivered into the beam, and,emprently, reduces the thrust that can
be produced by an electric propulsion system. €&ffisiency product is typically in the
0.5 to 0.7 range for modern electric propulsiorteays. One can rearrange Eq. (1.3) into
a more common form where the fundamental limitabban electric propulsion system

on available system power is even more evident:

P golsp

Currently available solar electric power systenrssttellites and spacecraft are in the
10 kW range, and, for a typical electrical thrustgstem efficiency product of 0.6 and a
specific impulse of 3000 sec, the thrust-to-poveioris only 40.8 mN/kW. At 10 kW of
solar array output power and a specific impuls8@i0 sec, the thrustis only 0.4 N. To
affect a velocity change of 5000 m/s to a 1000 facecraft, the thruster must fire for
~3500 hrs. More clearly stated, one must desigott propulsion systems for long life
times to take advantage of their efficient use @fppllant under conditions of limited
power generation capability. Furthermore, slowseno processes occurring on various
components of electric propulsion systems needetadrefully evaluated because they
can limit the life time of the propulsion systemdaendanger the accomplishment of a

given mission.
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1.1 The Hollow Cathode Assembly within lon and Hall
Thrusters

While there are numerous types of electric propalsilevises and many more
components of these devices that can wear outtower throughout the entirety of this
thesis, focus will remain on only one componerg, libllow cathode assembly.

Specially designed, orificed hollow cathodes hagerbdeveloped for a wide variety
of applications including plasma generation forcguaaft charging contrdl®*°plasma

contactors for electro-dynamic tether-based prapulsystemg!*2*3

and as the plasma
electron source for ion and Hall thrust&$>°1’ The most notable differences between
these cathodes and the original, open-ended halithode¥ are the addition of (1) an
orifice plate to the downstream end of the holl@athode tube and (2) a porous tungsten
insert impregnated with low-work-function materiplaced within the tube near the
orifice plate as shown in Figure 1. The orificatpl increases the pressure within the
hollow cathode at any given flow rate and enalteshivllow cathode to operate at lower
flows compared to open-ended hollow cathode gedasetThe low-work-function insert
reduces the operating temperature of the cathotdchwin turn reduces the power

required to maintain temperature of the cathodeoaspared to thermionic cathodes not

equipped with a low work function insert.
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The low-work-function insert can be fabricated fremlid materials like lanthanum
hexaboride or porous materials (e.g., sinteredstamj impregnated with oxides of alkali
Earth metals. Inserts have also been fabricated folled refractory metal foils that are
coated with low work function materfal

To a large part, development efforts in electrioguision systems have driven the

evolution of the orificed hollow cathode to a hilglvel of refinement. Hollow cathodes
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Figure 1. Hollow cathode schematic
are lightweight, relatively simple to build, reqaivery little gas flow, and can survive the
severe vibration and shock requirements placedpanesflight hardware. Experiments
have also been performed that demonstrate very limgmes (30,000 hr) that are in
excess of the required operational period for sospace and ground-based

application&®?%
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Although highly advanced, hollow cathodes stillpiey some troubling features. For
example, hollow cathodes can be (1) difficult tarst (2) need protection against
exposure to laboratory or launch environment athesy (3) demand sophisticated high
temperature heaters, and (4) require high heateepo long conditioning and starting
times. Operationally, hollow cathodes require fiaw control as well as a specialized
keeper and discharge power supply. In some apiglicsg the hollow cathode discharge
can be quite noisy, and, although hollow cathodesadready fairly power and flow
efficient, lower power and flow operation is dedire Often times a particular hollow
cathode design is so specialized that the desigmotbe used for a slightly different
application or significantly longer mission withduing modified considerably.

Developmental efforts in ground-based plasma psiegshave been successful in
developing hollow cathodes that are extremely &oieof the effects of (1) fast batch
turnaround times, (2) multiple atmospheric exposuand (3) the presence of insert
poisoning environmems Lifetimes of several hundred hours are the nésmthese
industrial cathodes. The improvements to industaghodes have been accomplished to
a large part by increasing the power, voltage, gexl flow available to the cathode and
by shielding the environment around the cathodé aitded structure and through high
volume gas purging, all of which are not desiraigéons for aerospace applications with
limited power or volume/weight constraints.

Although inserts fabricated from many materials available, the work described
herein utilized porous tungsten inserts that wemprégnated with barium-calcium
aluminate where the molar ratios of barium oxidd¢ciom oxide, and alumina were 4, 1,

1, respectively. As shown in Figure 1, a heateedgiired to increase the temperature of
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the insert to a point where barium and barium oxslproduced at a sufficient rate to
coat the interior surface of the hollow cathode dralinterior and exterior of the orifice
plate (typically ~1000-1250 °C). Applying voltage an electrode downstream of the
orifice plate and introducing gas flow into the lbal cathode tube is required to initiate a
plasma discharge and start the hollow cathode. ic@ljp, the xenon neutral pressure
within the hollow cathode can range from 1 to m#sty depending to first order on the
flow rate and the electron emission current exéédtom the hollow cathode. Any inert
gas, nitrogen, hydrogen, or a mixture of these gas® be used to operate a hollow

cathode discharge. Work herein focuses on xendimoda operation. The plasma

density within the hollow cathode can be as high18¥ cm"2%?* with electron

temperatures typically between 0.5 and 1 eV, bghdri temperatures are possible in
larger cathodes. The plasma potential within &glollow cathode is about 5 V to 15
V positive of the hollow cathode tube, but can ghér in larger cathodes as well. lons
produced within this plasma are accelerated intoirisert and orifice plate surfaces, and
this ion bombardment (and subsequent release waibon energy when the ion becomes
neutralized on the cathode surface) heats the dathdn most space applications, the
heating action provided by the interior plasmauBicient to maintain the temperature of
the insert, and the heater power can be reducethudroff. Although a wide range of
operational conditions is presented, it is impdrtamote that hollow cathodes display an
ability to adjust the properties of the internallagxternal plasmas that enable them to
attain the necessary temperatures to supply thes@ni current that is demanded from
them. For instance, a hollow cathode operated@tldw of a discharge current or

possessing insufficient radiation shielding will eogte at higher internal plasma
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potentials and electron temperatures, which willseahigher rates of heating via ion
bombardment. Another inter-related problem is hbe plasma properties downstream
of the hollow cathode establish and what geométend operational parameters affect
them. This second problem is the focus of the vadm$cribed herein.

Life tests preformed on both an engineering mod8TAR thruster and an NSTAR
flight spare thruster conducted at the NASA Glereséarch Center (GRC) and the Jet

Propulsion Laboratory (JPL) have revealed extengka@sion on both the discharge

Figure2: NSTAR ELT discharge cathode at beginning of life (a). NSTAR ELT discharge
cathode after 30,000 hrs. Note large keeper erosion and moder ate cathode orifice erosion (b).

125 (as demonstrated in Figure 2 courtesy of

keeper and hollow cathode electrod®®
Sengupta, Deep Space 1 flight spare extendeddife (ELT}Y). The reason for this
erosion has not been fully explained, although s#\teeories have been presented. The
most likely cause of keeper and cathode erosidmsbardment by energetic or multi-
charged ions, causing atoms to be sputtered framk#eper and cathode surfaces.
Energetic ions are inferred to be ions producethe discharge plasma with energies

exceeding the cathode-to-anode potential differendelti-charged ions produced near

the keeper and cathode can also cause sputteprerdscause the energy they obtain
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when striking a surface is a multiple of their geastate and the potential difference they
fall through. Both high-energy singly and multiptharged ions have been detected
using remotely located prob&s.0One theory proposed for how singly and multiply
charged ions gain the required energy to caus@detkeeper erosion is the potential hill
model, described in different ways by Boyd and @naf, Williams and Wilbuf®, and
Kameyama and Wilb@t. In this theory, a standing DC potential hillassumed to be
formed by a region of net positive space chargeithereated nearby the cathode orifice.
lons created throughout the potential hill are Byaged from their point of origin both
toward and away from the cathode (depending upoithwkide of the hill they are
created on). In contrast to the remotely locateabgs, direct measurements, like the
work described herein and in Ref. 26 and referenoained therein, of the DC plasma
potential do not point to the presence of DC pa&htll structures.

A second theory proposed by Rovey, Herman, andra#® assumes the presence
of multi-charged ions and their motion calculatedni experimentally measured DC
plasma potential flow fields to explain the erosafrcathode and keeper structures. Yet
another theory, presented by Goebel ef'almposes a strongly oscillating plasma
potential where high energy ions are formed anectidd away from regions surrounding
intense plasma ball structures, which form immedjain front of hollow cathodes at
some operating conditions. This theory is basedliogct temporal measurements of
plasma potential in the region in front of holloatltode discharges where oscillations of
several tens of volts have been observed in thikHa0to 500 kHz range. Cathode and
keeper erosion in all theories is greatly affedbgdplasma density and potential (both

temporal and spatial), and it is pointed out th@bmbination of all three mechanisms
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might be present at any given time (i.e., tempgralid spatially varying potential hill
structures, multi-charged ions, and intense plgsotential oscillation may all play some
role in high energy ion production and subsequputter erosion of cathode and keeper
structures).

It is believed that mapping of average plasma fléeld properties directly
downstream of a cathode assembly may assist inafeng a better understanding of the
erosion processes, and several research groupsshacessfully mapped the internal
plasma of an ion engine neafby*3*and withiri>3*3" the hollow cathode and keeper
structures. However, few have systematically testee effect of different cathode
assembly configurations on the plasma flow fiekhis work is the focus of the present
study. Specifically, we present a systematic staflya hollow cathode operated in
various configurations, from keeper-free withoutaqplied magnetic field to an enclosed
keeper of NSTAR dimensions with an applied magnggéld. Of the many possible
components that could be changed in the cathodenddg, four were selected. The first
was the addition of an enclosed keeper to the Wwotlathode, and comparisons between
this and a cathode operated without a keeper asepted. The orifice diameter of this
keeper was then increased in even orifice areaments to determine the effect this
dimension has on the plasma flow field. To gusrttie effects that plasma expansion
(and the resulting plasma conductivity pathway) badthe cathode near-field plume,
several different discharge anodes (flat platetadisring, near ring) were studied and
results of these tests are compared and contraktetly, an axial magnetic field closely
matching that of the NSTAR thruster was introducethis configuration provides a

measurement environment that most closely matdinesaf the above mentioned life
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tests, where cathode and keeper erosion was obsafter long operational periods.
Combined, this work provides plasma flow field datt various cathode assembly
complexities for model application and validatidratt may be useful for finding and
avoiding certain plasma conditions detrimentaldthode life.

In regard to flow field measurement, a method dmwedl during the course of this
work for obtaining high spatial resolution mapspdfsma parameters near the hollow
cathode is described in Chapter 2. This methodased on a fast actuating motion
apparatus that is integrated with a high speed atgaisition system. Chapter 3 follows
with a presentation of (a) the physics behind pnoleasurements and data analyses and
(b) explanation of the data reduction and interppatdextrapolation process. Chapters 4
and 5 present plasma property contour maps comstrunder different conditions, along
with some comparisons of results at selected comditto results in the literature.
Finally, conclusions are drawn and recommendatifamsfuture work are made in

Chapter 6.
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CHAPTER 2: EXPERIMENTAL APPARATUS

In order to measure plasma properties such asra@beciumber density, electron
temperature, and plasma potential in the dischphgme of a hollow cathode; a device

called a Langmuir probe is utilized. A two-dimemsl map of these properties is

Langmuir Probe

Figure 3. Generalized schematic of hollow cathode and Langmuir probe,
showing probe motion and encompassing probe measur ement field.

created by placing this probe atop a multi-axisiomosystem, while placing the hollow
cathode in the region traversed by the motion syst&his idea is illustrated in Figure 3.
A description of the electrostatic probe positigniapparatus and related details is
contained in Sections 2.1 and 2.2 below, followga lalescription of cathode assemblies
in Chapter 4. Lastly, a brief description of thacuum test facilities is provided in

Section 4.3.
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2.1 Rapidly Actuating Probe for lon Diagnostics System
(RAPID)

The key component for this study was the use ohst positioning system for
electrostatic probe placement. Aptly named RAPRagidly Actuating Probe for lon
Diagnostics), this system was designed and corsttugy a team of undergraduates,

under the authors supervision, at Colorado Statévdisity during the 2004-2005

Figure4: RAPID system shown without the stainless shroud installed.
academic yedf. The system uses an H2W SR linear motor congistira “U” shaped
magnetic track and a “T” shaped coil. The coil wasunted beneath a platform/stage
riding on a ball-bearing supported rail. The H2Witar has a position range of 36 cm
and includes an optical encoder with a resolutioh gm. The motor stage is capable of

moving at velocities up to 6 m/s with a maximumedetation of 12 g.
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The H2W motor was mounted to an aluminum table] #re entire system was
surrounded by a stainless steel shroud. A smédl placed at one end of the shroud (1
cm diameter) was used to allow probe passage dtestong. The system is shown in
Figure 4 without the stainless steel shroud iredall The linear motor was driven by an
ELMO Harmonica digital servo drive controller, thaas custom programmed through
the use of ELMO-Basic. An interface between theetrand a computer-based data
acquisition and control system was achieved vie?ZB&and LabVIEW.

Since the system experiences large acceleratiodshgh speeds of travel, it was
important to ensure the Langmuir probe did not lexHarge vibrations, specifically
perpendicular to its travel, which would decreasesitpnal accuracy. Both model and
experimental vibration results were obtained ramgalhe vibration magnitude at the tip
of the probe during measurement to be hfm; small enough to be ignored. A brief

description of the vibration analysis used to daetee this number is described next.

2.1.1 Natural Frequency and Vibration of the Langmuir Probe
As stated before, the RAPID system features arcalpgncoder with a resolution
within 5 um. This resolution is quite impressive and faitdrethen what is required for

quality Langmuir traces. However, vibrations oé frobe tip induced perpendicular to
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Figure5: Positional resolution showing unknown vertical vibration of Langmuir probetip

31



probe travel during a sweep can affect measuremdris is diagramed in Figure 5. If
the vibration amplitude were large, probe measurgsneould become inaccurate and, as
a worse case scenario, the probe could whip ireac#thode or the stainless steel shroud
during a sweep, which would result in the destoarctof the probe. To determine the
magnitude of probe perpendicular vibration a sepésests and calculations were
conducted® 40 4142

During the time of this vibration analysis, thedar motor used on the final RAPID
system was not yet available. Instead a protokypeé-screw stage was used. It is noted
that this will not exactly model the linear stagdowever, lead-screw systems in general
are far less smooth then linear motors, and a voais® result is expected. Also, when
the linear motor did become available, tests wemedacted to verify that vibration
amplitudes were still small. Accelerometers wdee@d at key locations on the both the
stage, a mock probe shaft, and a reference pdnt.infrared ranger was also used to

measure position during travel. Probe travelinipsiges of 0.1 m/s, 0.5 m/s, and 1 m/s

were tested with varying acceleration profiles. s@l “bump” tests confirmed that

0.5 mfs| 1.0 mfs

Displacement (mm)

Time (sec)

Figure 6: Displacement vs. timeat 0.5 and 1.0 m/s.
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calculated natural frequencies were within 10% efasured natural frequencies. Data
revealed that the probe shaft vibrated at a freqgueh 250 Hz throughout its travel. The
natural frequency of the mock probe shaft was nredsto be 20 Hz, based on a bump
test, leaving an order of magnitude between theelirag frequency and the natural
frequency. The large difference in natural andédrérequencies ensures that excessive
amplification of the traveling frequency driven dlstions will not occur. Accelerometer
results at 0.5 m/s and 1.0 m/s are shown in Fi§uré was observed that little variation
in traveling frequency or vibration amplitude wdsserved at different speeds.

It is important to note that the above presented elsas constructed using a mock
probe shaft of steel. This was an unavoidable ireqent of the accelerometer
measurement system. However, as measured valaespbtude and frequency matched
those predicted in calculation for the steel rods believed that calculated values for the
ceramic shaft of the actual Langmuir probe willegtst be in range of actual ones. These
calculations suggest that the perpendicular vibnatf Langmuir probes during travel
will be much less then 0.1 mm in amplitude and reimoposition in the perpendicular
direction will be assumed to be no greater therb Oritn (i.e., the maximum shaft

deflection due to weight of the ceramic rod).
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2.2 Langmuir Probe Design

Simply the presence of an object, say the Langmprobe, within a plasma has a
perturbing effect on the plasma. This is especialle if the object is within a region of
plasma that possesses large property gradientssecAndary but equally important
perturbation effect specific to Langmuir probethis probe electrical biasing scheme. To
acquire what is called an |-V characteristic cumeplained in section 3.1, the potential
of the probe must be changed through a range aftat3®V for a typical plasma. The
plasma in the close vicinity of the probe is aféecthroughout this range, especially
when excessively positive voltage biases causee latgctron currents to flow to the
probe. The plasma perturbations caused by exeepsisitive biases, for example, are
both expected and more or less unavoidable. Haw&taack et al. have found that
secondary electron emission from the insulatedneieréubes surrounding and supporting

most Langmuir probes can also induce significargsipla perturbatiof$ These

Figure 7: Tungsten segmented Langmuir probeimmersed in plasma of varying plasma
potentials asit travels through hollow cathode plume.
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perturbations were noted to be large enough togdhalasma parameters by the order of
their steady state values. In order to find a tewmhuto this problem, Staack et al.
researched several low secondary electron emissaterials to shield the ceramic tubing
from the plasma. Their research showed that argerabe coated with a low secondary
electron emission material (tungsten) did indeetlice perturbations. As a further step,
to eliminate shorting of the plasma through thisvrenductive shielding, the coating
was segmented in small sections. If a plasma ownlarge potential gradients, this
segmenting is believed to allow each section taui@ecp potential different then those
around it. Thus isolating each section, grading f{totential, and lowering the
perturbation of the local plasma potential that lsdae caused by an un-segmented probe
shaft. Figure 7 contains an illustration of tlisa.

Several different techniques were evaluated to selyinented rings to a Langmuir

probe support shaff;*>*® The techniques utilized herein are explaineskiction 2.2.1.

2.2.1 Segmented Langmuir Probe Design and Construction
Mastering a process in which Langmuir probes canségmented properly took

several iterations. The general setup for segmgnsi shown in Figure 8. Originally a
1.27 mm diameter ceramic tube was rotated abouaixisswhile being placed in the path
of a vapor stream of stainless steel created byhkbiombardment (sputtering). The
deposited material created an even coating ovesthce of the ceramic. The tubes
were then taken out of vacuum and placed on a lathe attempt to remove the coating
in desired locations. This attempt to segmentpifudes proved ineffective and several

ceramic probe shafts were broken.
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A second process was devised in which the segmesits coated onto the ceramic
directly. This was done using a mask with a seofeboles cut through it (0.6-mm in
diameter, 1.2-mm apart), which was placed in thin pd the sputtered particles, only
allowing particles to pass to the spinning ceratmiough the holes. The mask assembly
is shown in Figure 9.

Two different masking plates were tested. Figubeshows both the differences
between each plate and the resulting segmentecegqrolit was found that mask A
resulted in too small of separation between segsnatibwing some conduction between
each. The thicker mask B let fewer particles rehehprobe and resulted in completely
isolated segments. Resistance measured on eatlersegas under 1Q. This was felt

to be adequate and several probes were made uasigBn

s"Sputtered - ¢ Incident | -
particles | ion path
path

Figure8: Setup for segmentation of Langmuir probes
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Figure 9: Masking plate assembly assembled (a), disassembled (b), plate design (c), mounted to motor
assembly (d)
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Figure 10: Results between different masking plates
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2.2.1.1 Probe Assembly

A diagram of the final assembly of the Langmublg is shown in Figure 11.
Dimensions and materials of the components useithenfinal assembly are listed
below:

e approximately 10 cm long, 0.127 mm diameter tunystiee

e approximately 7 cm section of stainless-segment@d tnm O.D. x 0.51 mm [.D. 99.8%
alumina-oxide tubing

e 40 cm section of 2.39 mm O.D. x 1.60 mm |.D. 99.8%mina-oxide tubing

e approximately 40 cm of 0.81 mm O.D. x 0.51 mm INickel capillary tubing

e ceramic paste

* 25 cm of Teflon coated coax cable

* RF coaxial connector

* Vacuum rated heat shrink tubing

All of the components were cut to size and the eridse alumina tubing were sanded
such that any sharp edges were removed. Aboutr2.bf tungsten probe material was

inserted into the nickel capillary tubing and thbibg was crimped around the tungsten

Tungsten Wire Crimped Nickel Capillary Tubing

Ceramic Adhesive

Segmented Rings Alumina Tubing

Figure 11: Final Langmuir probe assembly
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Figure12: Completed Langmuir probes of different types: A segmented Langmuir probe (Top), a
standard Langmuir probe (Mid), and a double Langmuir probe (Bottom).

wire. The tungsten wire was then inserted into Xt mm alumina tubing. Ceramic
paste was applied to the last 3 cm of the 1.27 rumiaa tubing and then the sub-
assembly (small alumina tubing, tungsten wire, aicttel capillary tubing) was inserted
into the larger 2.39 mm diameter alumina tubingfteAinserting the small alumina
tubing 2.5 cm into the larger alumina tubing, theess ceramic paste was wiped off and
the assembly was allowed to cure in air overnightf it was needed sooner than that, it
was cured in an oven at 200° C for about an hd\fter curing the ceramic paste, the
electrical connections to the nickel capillary tugpmwere completed. A small length (~3
cm) of the coax cable was stripped and the condues crimped to the nickel capillary
tubing with a nickel crimp ring. The wire assemblgs adjusted in or out of the alumina
tubing until a 1.27 mm long section of the tungstére protruded from the tip of the
small alumina tubing, resulting in a 0.127 mm ditenex 1.27 mm long cylindrical
Langmuir probe. An RF coax connector was attachdtd free end of the shielded coax

cable. A photo of several finished probes is showifigure 12.
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2.2.2 Probe Thermal Analysis

The electrostatic probes utilized in this study emenprised of small-diameter, short
tungsten wires as described above. This probesdatslicurrent from a plasma as a
function of the voltage applied to it (as explairiedher in section 3.1.1). With the small
dimensions of the probe, current and heating effeaist be controlled to prevent probe
destruction and data corruption. For tungstennikéing temperature is about 330K
To avoid destruction of the probe, one must assbat the probe not exceed this
temperature, however, as the temperature of theeprecreases, the probe will begin to
thermionically emit electrons under some bias ciown. Thermionic emission is
described according to the modified Richardson-Inesh equation for field-enhanced

(Schottky effect) thermionic emissibii® 49501

-a(4) %/di
J=AT%e T e '

21
Here Es is the electric field strength surrounding of thbe andg, is the work

function of the probe material. At high probe temrgiures and negative probe biases, the
thermionic electron emission current can be lanye w&ill perturb the Langmuir probe
data. For this reason it is important to assueettimgsten probe stay as cool as possible.
One method of controlling the probe temperaturesd, the one utilized by the RAPID
system, is to move the probe through the most set@tasma regions very quickly. This
will minimize the time the probe tip is exposedléoge heating loads. In addition, a
specific biasing scheme has been adopted that esdine time the probe is in the

electron saturation region (positive probe biaselsgre the probe current is relatively
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large (see section 3.1.1). The rest of section22i® dedicated to determining the
allowable speed and voltage limits on the prob¢hstd the probe temperature does not

exceed a given temperature limit.

2.2.2.1 Probe Heating M odel

A one-dimensional thermal model was used to detegniemperature and time
constraints for the heating and cooling of the lrangy probe subjected to immersion
within intense plasma®°*°>°%°728  Eactors included in the heating effects are
absorption of radiation, electron collection, aruinoc heating. Cooling effects included
conduction and emission of radiant energy.

Assumptions and known parameters include the chamiadl temperature, initial
probe temperature, chamber wall emissivity, plagphane specific geometry, probe
distance from the hollow cathode, constant spetiéat, and constant probe velocity.
Additional assumptions made to allow for model difigation are utilizing a lumped
capacitance approach for the exposed probe tigogirabsuming that heating effects are
distributed evenly across the entire exposed seiidaea of the probe.

Radiation Heating

One source of radiation heat transfer to the piskdeom the hollow cathode itself.
From experiment, the hollow cathode temperaturebmms high as 1380, A first
law analysis of energy entering and leaving theébgrgields the following relationship,

(see Figure 13):
En + Eg - Eout = Est
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In Eq. 2.2,Ein andE, are the rates of thermal energy that enter anceléze probe
surface, respectively. The terdg, in Eq. 2.2 is the rate of thermal energy that is
generated within the probe aiig is the rate at which stored thermal energy in@®as
within the probe. Also shown in Figure 13 is aistge thermal network developed to
represent the problem setup. View factors frompiabe to the vacuum chamber walls

and the hollow cathode to the vacuum chamber vaadisassumed to be unity. The view

Vacuum
Chamber Walls

\ R, ——
{
*—\ T'ungsten Probe 5 /-/
Ceramic Insulating Tube
-
==
{‘} R
<
E..

Cathodes
Source

Figure 13: Thermal analysisof diagnostic probe and resistive thermal network representation
factor from the hollow cathode to the probe was ebed after a differential planar
element (section on the surface of the probe)cth5Saway from and perpendicular to a
circular disk (the hollow cathode tf3) The distance of the probe from the axial logatio
of the hollow cathode is a function of time sinke probe is moving.

After determining the view factors; the thermalwetk resistances, emissive power,

and radiosities were calculated next:
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_ j
R = £ A
17
2.3
1
Ry =
FabAj
2.4
E, =0T/
25

Wherej indicates the representative location in the tegishermal network (i.e. 1, 2,

3, etc.). In the resistance and emissive poweatsans,c is the emissivity of a material,

A andT are the surface area and temperature of the sateziah, respectively. The term

o in Eg. 2.5 is Stefan-Boltzmann’s constant and Rhis view factor between two

components. The system of equations used to digietire radiosities are listed below:

2.6
Eb2 ‘]2 Jz _‘]3 Jz _Jl
R, Rs R
2.7
Ebl_‘]l ‘]1 Jz+‘]1_‘]3
R R Ris
2.8

After solving for radiosityd,, heat flow from the probe was determined usingafqua
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2.9
Using average plasma parameters during this sthdyheat addition due to radiation

was calculated to be essentially constant at appeirly 98 mW over regions of interest

nearby the hollow cathode.

8T
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Figure 14: Power input to the probe as afunction of time dueto electron
collection

Electron Collection Heating
Due to the biasing scheme selected, the proberisdieally heated from plasma

electrons collected during times when the probbiased positive of the local plasma
potential. Some heat is also provided by ionsflbat to the probe, but this heat addition
rate is small compared to the electron heating reigure 14 is the assumed power input

to the probe as a function of time due to electrmliection.
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For heating due to electron collection, the plagogential was assumed to be 20 V,
the electron temperature was 2.5 eV, and a peak@fedensity of 18 cm®. With these
parameters, the maximum plasma current is 214 mé pégasma power is at a maximum
of just over 7.506 W. The maximum plasma curredd power to the probe changed
linearly with density, which, in turn changes bylers of magnitude over regions nearby
the cathode.

Collected electron current is calculated based upwon probe biasing voltage
condition, which is a function of time. If the eteons are assumed to be Maxwellian and
the biasing voltage is less than the plasma petemtguation 2.10 was used. Otherwise,
when the probe biasing voltage is above the plgsotential, equation 2.11 was used.

For V,(t)<V,:

-\ =Vt
Iprobe(t):iqneVeAprobeeX;{ ( q};pl:r B(X)J

2.10
For Vy(t)=V,:

1
I probe = aneVeAprobe
211
V(t) is the probe biasing voltag¥, is the plasma potentiahyope IS the exposed
surface area of the probe, amds the electron density. The electron velocitdédined

as the average thermal velocity according to:

[8KT.
V, =
lme

212
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Whereq is the electron charge and is the mass of an electron.
Similar to the conditions for calculating curreeguations for power deposition due to
electron collection are also dependent upon thegisciasing voltade.

For V,(t)<V.:

p*

SOROESY

q

213
For Vy(t)=V,:

Prrapelt) = p,obe{Zﬂ +l0) _V")}

q

2.14
Electron density, which was assumed to range betiéeto 10 cm?®, has a linear

effect upon the current and hence the effectiveggowAs mentioned above, the plasma
density, B, changes several orders of magnitude through ldema region nearby the
cathode.
Ohmic Heating

The probe is also affected by heating due to cuiftewing through the probe. The
resistance of tungsten changes with temperaturevasdaken into account in the model.
The equation for adding the effect of Ohmic heatimghe probe is based upon Ohm’s

Law:
W(t’T) =l Probe(t)]2 DR(T)

2.15
In Equation 2.15lp0pe is the current due to the electron collection tigto the probe (as

in Equations 2.10 and 2.11) aRdT) s the temperature dependent resistance of tumgste
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When evaluating the effects of different sourcebext addition, Ohmic heating was the
least significant for our operating conditions. n@aring two heating models, one
including this effect and another without, the temgture difference was only about 1 K,
at the highest electron densities, and we can @fius effect as a contributor to heat
addition.
Re-radiation Cooling

When the probe is removed from the dense plasmanggearby the hollow cathode,
it will cool down via radiation and conduction pesses. These heat removal processes
are also active when the probe is inserted inteselggtasma. Radiative cooling can be
modeled much like the previous radiative heatingdeho Following the same idea as
Equation 2.2 another thermal network can be creatising this network the cooling rate

can be determined as:

. ofr:,-T2)
TR,

2.16
WhereRy is equal to:

Rlot = RProbe + R\/ieWFactor + RNaIIs

2.17
It is noted again that this effect not only subtsaitom the heat addition during probe

travel, it also is the main contributor to prob@long once a measurement has been taken
and the probe returns to a position outside ohtnise plasma region.
Conductive Cooling

Along with re-radiation to its surroundings, thelpe will experience a cooling effect

due the conduction of heat through signal lines #el ceramic probe shaft. These
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effects are believed to be small due to the sniedl sf the conduction components, but
nonetheless were incorporated into the final méale@lcquire a more accurate result. The

cooling due to conduction can be defined as:

= (T i _Tp,i—l)

Q=Rt b

2.18

In Equation 2.18 Ry represents the sum of the conduction thermaltresisetwork.

Combining this with radiative cooling it was deténed that 30 seconds was required
before the probe was cool enough to begin anotliees. The motion control program
was designed to assure dwell times between measatemreater then 30 seconds.
Combined Governing Equation

By combining the equations for probe heating andlicg, our model includes the
effects of radiation, re-radiation, electron cdiiec, conduction, and ohmic heating. The
final thermal network is illustrated in Figure 15.

Also, the complete governing equation (in discesdliform) for calculating probe

temperature as a function of time while immerseplasma is:

) = (Qrad (t) + I:‘)PTObe(t) +W(t’T) - Qre—rad (t1T) - Qcond (T )) mt + T

T ., T
D,I(’ mm:p i-1

2.19
fori=123,...n

In Equation 2.19m represents the probe masg,is the specific heat of the probe
material, and4t is an incremental time stef,; is the predicted probe temperature after

n stepsT,,i.1 is the probe temperature at the previous stepnasithe step count integer.
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Figure 15: Combined probe thermal network
Results from the thermal model were encouragingdth Wie biasing waveform set to
1000 Hz at a duty cycle of 50%, the probe travetimgugh a 4 cm long plasma of ¥
25eV, =20V, and = 10" cm* at 0.5 m/s will reach a final predicted temperaitof
489K. If, however, the plasma density rises td1@m®, then the predicted probe
temperature increases to 2034K, well into a regwere thermionic emission becomes
large. This prediction represents a worst caseasteby assuming a full 4 cm extent of
the plasma column is at f&m?®, which is not the case. Generally, in plasmassunesi
with densities above 1®cm?, the most intense region only exists for about &b
nearby the cathode orifice region. Assuming a Gaunsdensity distribution through a 4

cm distance, where plasma density ranges frotomi®to 10%cm®, the final predicted
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temperature dropped to 832K. A plot of this terapare profile prediction is shown in
Figure 16 where it is evident that the final tengpere is not the maximum temperature.
Instead, the maximum temperature of 874K occuis @bsition just past the center line
of the cathode (about 1 cm past centerline). ©ffiset occurs because after the probe
passes the centerline and the plasma density begitkop rapidly, the rate of cooling,

mainly radiation, eventually overcomes the ratehefting from electron collection.

1000
—. =00t
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= 1
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[nY
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Figure 16: Probetemperature versustimefor a Gaussian density
distribution

Experiments using a type-K thermal couple as a tangprobe confirmed the above

results to be correct.
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CHAPTER 3: PROBE THEORY AND ANALYSIS

3.1 Single Langmuir Probe
A Langmuir probe is a relatively simple device fose in determining plasma
properties. At the most basic level, it considte emall electrode immersed in plasma.

Current collected by the electrode consists of emd electrons that are attracted/repelled

~— 4 Plasma Potential Electron Saturation
E >
=
s
5
O
@
L2
2
o
. -1 X | Bias Voltage (V)
lon Saturation | \ ;
i Floating Potential |
Region | i Region || . Region Il

Figure 17: ldealized |-V curve showing important parameters and regions.

to/from it as a function of electrode potential.heTplot of net current versus probe
potential is often referred to as an I-V curte®® ®® Figure 17 represents an idealized
Langmuir I-V curve. Generally, I-V curves congiftthree primary regions. The first of
which, shown on the left of Figure 17, is the i@iusation region (greatly expanded in
the y-axis scale to show more detail). In thisiorgthe probe potential is negative

enough such that all electrons are repelled ang ionlks are collected according to the
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Child-Langmuir law”* ®° The ion saturation current, which has been dieglin Figure

17 for illustration purposes, can be used to cateulion density when the Bohm
condition is applied to determine the ion arriiaixf® > ® > As the probe potential is
increased, one moves into Region Il. This reg&mwn in the middle of Figure 17, is
referred to as the electron retardation region emsists of the potential range where
both electrons and ions are collected. In thidoregons are attracted to the probe
because it is still biased negative of plasma gitkas it is in the ion saturation regions.
Also, while electrons are being repelled, some ta@ghrgy electrons can still make it to
the probe. In the electron retardation regiondtae two points of notable significance,
floating potential and plasma potential. The pewhiere zero current is measured by the
probe is called the floating potential. This i tholtage at which the ion current flowing
to the probe exactly equals the electron curreléaced, and the net current to the probe
is zero. To the right of the floating potentiakétburve tends to grow steeply for most
plasmas. If the electron population can be desdrds Maxwellian, the current collected

by the probe can be modeled by Equations 3.1 ghd 3.

_Np_VB)
— Te
I e(VB) =1 sat,ee

31

_1 _ qT,
I sate — Z qneVeAprobe - qneAprobe T]Tne

32
As the probe potential is increased, the I-V cusaches a point referred to as plasma

potential. This is the point were no further i@me collected and only electron current is
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present. This is also the beginning point for eagihree. In region three, the probe
potential is above plasma potential, and the elactturrent saturates at a current
predicted by Equation 3.2. In the ideal case thpsition is sharp between the electron
retardation and electron saturation regions, thakimg the determination of plasma
potential straightforward. With cylindrical probesactual plasma, the saturation current
continues to grow slowly as the probe voltage seased due to sheath growth effects.
Other effects cause the electron retardation ahdaen transition region (i.e., the I-V
curve between region Il and 1) to be rounded.isTdrea of an I-V curve is referred to as
the knee. The presence of a highly rounded kndeesnealculating plasma parameters
increasingly difficult and suggests the possibilitiy plasma potential, plasma density,
and/or electron temperature oscillations.

When using a Langmuir probe, it is important tousagshat the size of the probe is
appropriate for the plasma being characterizedgelmeral, one needs to be sure that the
mean free path of both electrons and ions is faatgr then the radius of the probe. This
assures a collisionless sheath is present surmogritie probe” °* °2 The mean free
path, given by Equation 3.3, for both electrons mmd is on the order of a meter or so
for the plasmas studied herein. With a probe diamef less then a millimeter,,R<

Amp, @ collisionless sheath can be assumed.

33
Another factor that comes into play is the shehtbkhess surrounding the proffe

As the probe is immersed in regions with differpfdsma density, the volume from

which charged particles are collected will vary.thie charged particle collection sheath
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is small relative to the probe radiuspfRthe probe is said to be operated in the thin-
sheath regime, and our above equations hold tye.the sheath size approaches the
probe radius, probe geometry begins to affect tbkeated particles greatly and
corrections must be made using either low tempezgtllen-Boyd-Reynolds) or finite
temperature (orbital-limited motion (OLM)) assungois. The thickness of the sheath
around any conducting surface is assumed to bé@wrder of the Debye lengthp],

given by Equation 3.4. In general if the probeiuads greater then 10 timés, a thin

Ay = [EKTe — 7430 | Te(EY)
N ne(M™)

For typical plasmas measured in our stagyranged from 0.01 mm to 0.0005 mm

sheath can be assuniad

3.4

with rare excursions to 0.1 mm. A Debye lengtho®1 mm, is ~1/10 Rp (Te=2eV,

= 10"cm®) and well within the thin-sheath regime. In fadit measurements taken on
cathode centerline were well within the thin-sheatifime with only a few outside of this
regime at low flow rates and low discharge curmoriditions. For this reason and the
fact that our |-V curves did not exhibit a naturieh would lead us to believe thick-
sheath effects were preséhtthin-sheath analysis was assumed throughout.

One last consideration that can have an affectigopnnately in the electron collection
region, is that of an applied magnetic field. Thedd will confine electrons to travel
mostly in the direction of the magnetic field linasd suppress diffusion across them,
creating electron flux tubes along the magnetiedfithat can be depleted faster (via
parallel field transport) than they are re-supplieid perpendicular field transport). This

can cause errors is the calculation of both elacsaturation current and electron
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temperature (from the anisotropy induced in the EED The electron confinement to

these flux tubes is associated with the electrao ggdius defined in Equation 3.5.

e B
35

For cylindrical probes the influence of magnet&d is minimized when the probe
axis is oriented perpendicular to the magnetidfi¢hus increasing the number of flux
tubes that end on the probe surface. This isithat®n present in our case. It has also
been found that for probes of Re < 2 the reduction in electron saturation currarg tb
an applied, perpendicular magnetic field is lesntheneral errors assumed present in
calculating §. Meaning, the smaller the probe is compared ¢odllectron gyro radius,
the closer calculated values farwill be to actual ones. Also, the ratio of magnéeld
to chamber pressure, B/Pcan be used as a quantitative measure for theFEED
anisotropy. For values of B/R 3x1(° G/Torr, EEDF anisotropy can be neglect&d®®
In our case the electron gyro radius is on theroofl@0 times the probe radius and B/P
is roughly 1x16 to 1x10 G/Torr, allowing us to neglect magnetic field etfe A very
in-depth analysis of Langmuir probes of all difi#réypes and the effects of several

different parameters can be found in reference$3163, and 66.

3.1.1 Langmuir Probe Circuitry and Measurement Technique

Throughout this study the Langmuir probe was tree@rthrough plasmas with
properties that varied as a function of position general, at the beginning of a
measurement, the probe would be in a low densatyrpa region at large radial positions.

As the probe was moved toward the cathode, it éapesd an increase in plasma density
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of several orders of magnitude until a maximum mlasdensity was reached on the
cathode centerline. In order for the probe to bese for measuring plasma parameters,
a plot like that in Figure 17 must be constructdth measure the change in properties
through space, several of these curves must betrgotex at small increments of
distance. Traditional techniques used elsewhepty apsingle voltage to the probe as it
travels through the plasma. During this processreat collected by the probe is
monitored as a function of position. And this @es is repeated many times at different
(fixed) probe biases. To obtain complete Langnmuobe traces the position sweeps
performed at different probe voltages must be tated back together by position (and
probe current). Although relatively straightfordao implement, this technique can be
very time consuming to acquire sufficient data.rtfkermore, this technique assumes that
plasma properties and positions are constant thimughe lengthy measurement period.
Instead, the technique devised for the RAPID systeta directly acquire a complete set
of many I-V traces during every motion sweep. Tiglwout the inward trajectory of the
probe, a rapidly varying saw-tooth bias was appliedthe probe and the resultant
collected current was recorded along with the ptalbs, which was then also correlated
to position. One disadvantage of this techniquihas I-V curves do not correspond to
fixed positions, but are spread out over a smathdice. For example, a 1-kHz waveform
applied to a probe that is moving at 1 m/s, wiNd&a full waveform period every 1 ms,
corresponding to a distance traveled of 1 mm peveteam period. However, a
Langmuir probe trace only requires the probe toehawoltage range of ~60V. By
applying a saw-tooth waveform to the probe, thisage range can be covered within the

upsweep of a single saw-tooth bias cycle. If the-smth duty cycle is a small fraction
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Figure 18: Waveform biasing scheme and resulting collected current as a function of time/ position

of the waveform period, sub-millimeter positionabkolution is readily achievable. An
actual waveform (in this case triangular) and #msulting current collected is plotted in
Figure 18. Note as time / position increases tlmeeat collected also increases. This
happens as the probe travels inward toward theodathwhere the plasma density is
highest.

Most of the results reported in this paper werauaed using a 60 V amplitude, 1-kHz
triangular waveform applied to the probe, which wasved at a constant velocity of 0.5
m/s. Since the waveform is triangular, a full Lamgr sweep is present on either side of
the triangle. In an attempt to limit disturbandesm both capacitance, witnessed in
measurement lines (which was subtracted out of tiaga), and the perturbation of the
plasma at high positive biases, data were onlyntake the upslope portion of each

waveform well away from waveform slope transition§hese parameters resulted in
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acquisition of an individual Langmuir trace ovewsspatial extent of 0.25 mm, and the
distance between adjacent Langmuir probe traces G&asmm. Notably, the data
acquired from the optical encoder indicated that ltangmuir probe traces were being
recorded over spatial distances of 0.25 nv0+ mm, providing positive evidence in the

accuracy of the data collection scheme.

Optical Encoder

Vzzz
ELMO PXI System
Driver
— CH1: Position
10002 i 3
100< é | |var 120kHz BW CH3: Voltage
nBO > lag. Amp
10 -
h Voltage ratio < DAQ M-series
2041 T 6124PXI
Eepco BOP L. )
100V-44 { /)CHI_ Waveform

Figure19: Langmuir probe circuit schematic including PX1 and ELM O drive systems
As for the electrical circuitry of the RAPID systethe probe is biased by a bipolar
power supply. This supply has an output range WI0+V at 4 A with a frequency
response from DC to 20 kHz. The output of the Supp controlled by a signal
waveform generated by the computer control syst€urrent to the probe is sensed by

measuring the voltage across a resister. Thiggel{proportional to the probe current)
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is fed through a wide-bandwidth isolation amplifier a PXI-based data acquisition
(DAQ) system, which was also used to simultaneotestprd the probe bias voltage and
the stage position. The isolation amplifier haswdy gain bandwidth of 120 kHz. Probe
bias voltage readings are first sent through aageltdivider to limit the maximum
measured voltage tal® V, as are readings of current output from tleéaison amplifier.
To avoid DAQ system damage, all signals are volthgéged by Zener diodes and
varistors. An electrical schematic of the systerahiown in Figure 19. Data collected by
the computer system are acquired and stored thradggtional Instruments 6133PXI S-
series DAQ card. The signal waveform used to cbtive power supply is produced on
a National Instruments 6124PXI M-series DAQ cafdhe two cards have capabilities of

3 MS/s at 14-bits of resolution and 1 MS/s at 16,bbespectively.

3.1.2 Software Calculations

In order to obtain plasma parameters suchea$cnand \4 , it is necessary to analyze
each |-V curve obtained with the Langmuir proben &erage, one single inward sweep
contains roughly 175,000 data points for each fmositvoltage, and current. The
LabView program written to control the acquisitiohdata divides these 175,000 points
into seven separate files of 25,000 points eachis Was done to optimize the speed of
the analysis software, which was found to beconw pbrecord lengths above ~25,000
points. Position measurements are taken from ticeder and must be converted from
their binary-encoded output to actual position. Mentioned above, voltage and current
data are taken from one up slope region of the weageform, and approximately 1000
points are selected form the central region. Inegal, average up slope regions of the

biasing waveform contain ~1300 points.
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Data are then separated into individual Langmuaceds. First the ion saturation
current is subtracted odt. This is done to obtain a plot of electron cutrermhe
resulting data are then plotted on a semi-log fiol,vs. V. From Equation 3.1, one can
see that the slope of this curve is proportiondl/TQ. After calculating Tfrom the slope
of the electron retardation region, the next sgepoi determine the electron saturation

current, which is the current where lines drawrotigh the electron retardation and
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Figure 20: Analysisof actual Langmuir tracetaken at listed conditionswith the
simple cathode configuration

electron saturation regions intersect. There a&neral more advanced methods for
calculating this point as described by CHérand many others, however, in our case
adequate precision was obtained using the simptesection method. The voltage at this
intersection is the defined as the plasma poteraial the electron current at this

intersection is used in Equation 3.2 to determilesma density. A sample Langmuir
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trace taken at a 3 sccm flow rate (Xe) and a 4s&ltirge current in a position near the
cathode centerline is presented in Figure 20.

Once each trace was analyzed, the program comgllledsulting data and created a
summary file for each position sweep. Later, gaasition sweep dataset was fit to"a 6
order polynomial and 2D contour plots were created.

The program written to analyze probe data was desigo be autonomous. This
allowed for data analysis during periods when tlodlolw cathode was not being
operated. A typical dataset consisting of sevedial position sweeps took ~4 hours to

acquire, and the analysis program took ~4 dagnatbyze.
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CHAPTER 4: HOLLOW CATHODE
MEASUREMENT SETUP

Listed in Table 1 are the eight cathode configoretitested in this study and specifics
for each condition. A distant plate anode was absted on the simple cathode
configuration but the resulting plasma was found&otoo noisy to obtain meaningful

data. All flow rates ranged between 1.5 and 4c¢ensof xenon. The following sections

describe the experimental apparatus for each dondilong with the general setup for

this study.

Table 1: Cathode configurations studied

Configuration | Acronym: Keeper Style: Anode M agnetic Current
Name: Style: Field: Range:
Simple Cathode SC None (finger Distant Ring None 2A to 8A
Ring Anode electrode used for
starting)
Simple Cathode SCP None (finger Near Plate None 2A to 8A
Plate Anode electrode used fo
starting)
Small Orifice SK Enclosed: 2.7mm Near Plate None 2A to 8A
Keeper Diameter, 1.27mm
spacing
Medium Orifice MK Enclosed: 3.8mm| Near Plate None 2A to 8A
Keeper Diameter, 1.27mm
spacing
NSTAR Keeper LK Enclosed: Near Plate None 2A to 8A
4.75mm Diameter
1.27mm spacing
NSTAR Keeper MP Enclosed: Near Plate NSTAR-like | 2A to 8A
and Magnetic 4.75mm Diameter Axial Magnetic
Field, Plate 1.27mm spacing Field
Anode
NSTAR Keeper MR Enclosed: Near Ring NSTAR-like | 2A to 8A
and Magnetic 4.75mm Diameter Axial Magnetic
Field, Ring 1.27mm spacing Field
Anode
NSTAR Keeper MRH Enclosed: Near Ring NSTAR-like | 10A to 20A
and Magnetic 4.75mm Diameter Axial Magnetic
Field High Power 1.27mm spacing Field
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4.1 General Setup and Motion

A 6.4 mm diameter hollow cathode was utilized fibtesting described in this study.
The hollow cathode was equipped with an orificaepthat had a 0.64-mm diameter hole
at its center. The hollow cathode was orientectrhOabove a ball-screw stage and was
mounted on an aluminum base plate. Each differeatle configuration studied was also
attached to this aluminum base plate. During dmerand after starting, the keeper bias
was set to 0 V relative to the cathode. The calagbembly was oriented in such a way
that the centerline of the cathode was in plané aitd perpendicular to the center line of
the RAPID system. A program was written allowiramputer-monitored control of the

ball screw stage over a 6.5 cm range from the RABIem centerline. Figure 21 and

Cathode Asgsembly THK Ball-screw

Oriental Motors

/ AS46MA Stepper
Langmuir Probe Motor

RAPID System

Figure21: Cathode assembly mounted to THK placed ~10 cm
perpendicularly in front of the RAPID system
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Figure 22 show the setup and orientation of theatkt and RAPID system.

The dotted path lines drawn on these figures reptameasurement lines used during
testing. These lines began 0.25 cm axially dowastr of the hollow cathode and
continued in 0.25 cm steps to a position 1.75 crallgpdownstream. At this point it was
found that the plasma properties were not changiggificantly, and, to save data

acquisition and analysis time, only two final phties at 2.25 cm and 3.25 cm were used.

Radial Sweeps Cathode Centerline

‘\

Segmented Langmuir

Probe
Figure 22: Hollow cathodeinvestigation setup showing Langmuir sweep
path lines and distant ring anode

All path lines began 2 cm radially away from theéhcale centerline and sweep inward

toward the cathode centerline.
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4.2 Cathode Configurations
Simple cathode

The first condition tested was that of a simplddwlcathode configuration without a
magnetic field or enclosed keeper. A small eletdrovas located to one side of the
hollow cathode to facilitate starting. The eledgovas biased to high voltage to initiate
an arc and allow the anode power supply to cougls@harge between the cathode and
the anode. Once the discharge started, the smaating electrode was connected to
cathode potential. Figure 23 shows the simpleacitand distant ring anode used in the
first set of tests.

Throughout testing both the cathode and keeperctstes were held at ground
potential and the anode was biased using a DC pswaply equipped with a large

output capacitance and an inline ballast resisee Figure 25). The ballast resistor was
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Figure 23: Simple cathode and distant ring anode with probe at 0.25 cm axial distance.
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a 4.5Q, 250 W resistor for all cases except that of thgh lpower NSTAR-like test
conditions. This power supply provided a very Egimwer platform that reduced noise
in the cathode discharge. In high power casegpoeer supply was switched out to one
with a lower output capacitance and the ballasst@swas dropped to Q1 The drop in
ballast resistance was required to avoid excedsallast voltage drops at discharge
currents above 20 A.
Enclosed K eeper

The enclosed keeper added to the system was ftdatideom a thin stainless steel
tube equipped with a tantalum orifice plate. Tieethad an inside diameter of 1.27 cm.
Spacing between the keeper and cathode orificepiaas maintained at 1.27 mn0A
mm throughout testing. A small notch had to beiouthe side of the keeper tube for
access to the cathode heater. A schematic diagnana photograph are shown in Figure

24. The plate anode positioned in the “near” limrats shown on the right side of the

\PID system

Keeper &
Cathode

Enclosed
a)

Near Plate
Anode

Figure 24: Schematic diagram of enclosed keeper and hollow cathode (a) and photo of small holed
keeper and near plate anode (b)
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photograph.

Three different keeper orifice hole diameters wessted. The first was 2.7 mm,
followed by 3.8 mm, and ending with 4.75 mm. Thdgameters were chosen to have

equal open area changes between the three holks. fifal hole size is that of the

NSTAR enclosed keeper.

Anode
|
Measurement Field
Cathode
' Ring Anotle
oun ok b 1m0 zm an
|
T
DC Power
\
o Supply  * WW-
[

Figure 25. Schematic diagram of smple cathode with ring anode system. Shown also is the
measurement field directly in front of the cathgeeplained in section 4.1).

For the first test presented in this study, a nds large ring anode was utilized.
This anode consisted of a 3-cm wide, 15-cm diaméter of thin, stainless steal sheet
that was placed 13 cm downstream of the cathodeRgrire 23). A small section of the
anode ring had to be cut to allow room for the RABYstem. A schematic view of this

configuration and its relative size to the measwaminfield and cathode is shown in
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Figure 26: Schematic diagram of near plate anode.
Figure 25. Although this figure is not to scalé, provides a reasonably good
approximation of the experimental layout.
The near plate anode configuration consisted afuare piece of stainless steel plate

that was placed approximately 5 cm downstream @fctithode. This plate was 15 cm

Measurement Field

Cathode Pl

Near Ring
Anode

Figure 27: Schematic diagram of near ring anode.
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.
[\

B : _Axial Stage--
Figure28: Photo of enclosed keeper cathode with axial magneticfield
and near field ring anode.

wide and 15 cm tall, and is shown schematicalllyigure 26.

The final anode configuration used in this studyswsaring anode placed in the near
field of the cathode. This anode was made of letssnsteel sheet and was placed
approximately 5 cm down stream of the cathode,lambd the axial location of the near
plate anode. The dimensions of the near ring anegle 5 cm wide and 15 cm in
diameter. Figure 27 shows a schematic of this enadd Figure 28 shows a photograph
of this anode configuration as it was used duriesfst conducted at high discharge
powers.

NSTAR Magnetic field

The final three test configurations evaluated dythis study were preformed with the
inclusion of an applied axial magnetic field. Toatch conditions seen in other
applications, the magnetic field was designed tsiblar to that of the NSTAR thruster.
A ferromagnetic ring was fabricated with an OD o2® cm and a width just thick
enough to completely cover a stack of SmCo magstatked three deep. These magnets

are 1.27 cm wide by 1.7 cm long by 0.5 cm thickilsinto the ones used within the end
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wall structure of the NSTAR thruster. The totalmber of magnets used was 33. This
magnetic ring was attached to a stainless stelebdatback plate (shown in Figure 28) by
magnetic connection to a thin circle of ferrousetheetal spot welded to the back plate.
A photograph of this setup is shown in Figure 28.

The strength of the magnetic filed along the cdinterof the cathode is shown in
Figure 29. These measurements were compared t&AR3DAWN ion thruster data

presented in [67], and found to be very similarthwthe magnetic field strength at the

160 -

Magnetic Field Magnitude (G)

0 2 4 o 5 | 8 1IO
Axial Pesition {cm)
Figure 29: Magnetic fied strength through cathode centerline
cathode orifice within 10% of the NSTAR thrustefuea Figure 30 is a contour plot of
magnetic field strength. Again, in comparison te tNSTAR magnetic field, the

magnetic field in the cathode region was founddwéry similar.
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Figure 30: Magnetic field strength contours versus radial and axial position

4.3 Vacuum Chamber

Testing of the hollow cathode and RAPID system w@sducted in a 1.0-m long by
0.76-m diameter, cylindrical vacuum chamber equippgth a CTI-8 Cryopump. The
pumping speed for the cryopump is 1500 l/sec on Biase pressures for this chamber
are below 2x10 Torr and are obtained within four hrs from thertstf rough-down.
During operation of the cathode at Xe flow ratesnfr1.5 to 4.5 sccm, the chamber
pressure rose to the mid to upper”Iorr range.  The chamber pressure was sensed
with a Granville-Philips ionization gauge and wasrected for xenon using a correction

factor of 2.87.
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Experiments carried out within the vacuum chamberewperformed on a table bolted
to four over-head mount points. The cathode wss mlounted to the table to ensure that
mechanical vibrations caused by the linear mota@ratmon would be the same as the
vibrations felt by the cathode. This orientatiomimized to relative oscillatory motion
between the cathode and linear motor and incretsedeliability of probe positioning

operations.

"% iy —

Figure 31 Varian 0.76m x 1.0m vacuum chamber

72



CHAPTER 5: RESULTS

Three typical Langmuir probe traces are shown guigé 32, Figure 33, and Figure 34.
These correspond to operating at conditions SC&0sénd SC12, of the simple cathode
configuration, respectively (see Table 2). Eadh d¢urve contains roughly 1,300 data
points, which was standard during most testing.oli@in high quality traces in different
plasma flow field conditions, adjustable amplifiocat of the current signal was required.
This was performed through selection of the cursemise resistor shown in Figure 19. In
addition, the amplitude of the saw-tooth biasingr@farm was modified as needed to
accommodate plasmas with different plasma potengiatl densities. In general, a 100-
current sense resistor and a +50 V to -30 V (8@).V1-kHz triangular waveform was
used. Modifications to these values were made wheasured signals from the probe
exceeded the®0 V limit of the DAQ system or when signal levalsproached the noise

floor of the 14-bit DAQ system.

100 100 r

10 10 +

Condition #6 Condition #10

oLy 01 f

Probe Current (mA)
Probe Current (mA)

3 1.0 cm axial 0.5 cm axial
KYE 0.8mm radial 7mm radial
gf.;':".‘& 53 ne = 1.2x10* cm*® . ne = 6.8x10'° cm™
001 P57 7 V,=126V 001 3.{3 V, =162V
Te=189eV L T, =1.86 eV
0.001 & 0.001 et
-10 0 10 20 30 40 -10 0 10 20 30 4(

Bias Voltage (V) Bias Voltage (V)

Figure32: Common Langmuir tracefor SC6.  Figure 33: Common Langmuir tracefor SC10.
1000 Q resistor, -32V to +37V waveform 100 Q resistor, -20V to +25V waveform
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100

10

Condition #12
0.25 cm axial
2mm radial

ne = 6.5x10* cm®
Vp=11.9V
Te=0.87 eV

Probe Current (mA)
-

0.1 r

0.01

-10 0 10 20 30 40
Bias Voltage (V)

Figure 34: Common Langmuir trace from SC12.
33 Q resistor, -20V to +25V waveform.

From each trace, values for the plasma densitygtrele temperature, and plasma
potential were calculated using procedures outlinedhap. 3. Figure 33 and Figure 34
were both taken under modified waveform conditiovigere the waveform maximum
voltage was decreased to prevent excessive elecuoent collection. In addition,
Figure 34 was obtained by replacing the Ib@esistor with a 332 resistor, which was
done to avoid saturating the DAQ input limit of ¥dn this dense plasma. Because the
maximum current in Figure 32 was low, it was poesib replace the 10Q resistor with
a 1000Q2 one without exceeding thel® V DAQ limit. With this modification, higher
resolution results were possible in low densityspla, and, consequently, switching to a
higher sense resistor was done whenever the plasmditions granted. In general,
linear behavior over two to three orders of magieton log-linear plots like the ones
shown above were observed. The linear behaviayesig that the electron population is
well thermalized. Although some evidence of priynar non-thermalized electrons was
observed (e.g., see the region between 0 V andi® Mgure 34), their presence was

neglected in analysis of the Langmuir probe daf@nally, it is noted that significant
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rounding at the knee between the electron retamlaéind saturation regions was
observed for some operating conditions. Excessiuading can be indicative of noisy
or turbulent plasnf4d® (see Section 5.10) and locations where exceseiveding exists

might be indicative of concern due to possible fation of energetic ions during times

when the (oscillatory) plasma potential increasesigh positive values relative to the

cathode.
25 4 400
Condition #3
0.25 cm axial
1 350
--Vp

-0-Te

Electron Temperature (eV), Plasma Potential (V)
Electron Density (x10 ° cm™®)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Radial Position (cm)

Figure 35: Combined Langmuir tracesfor flow condition SC3 at 0.25 cm axial position.
Representative of common radial sweep at small axial positions.

Typically 40 Langmuir traces were taken over a f2 radial scan at a given axial
distance downstream of the hollow cathode orifiéegure 35 contains plots of plasma
density, electron temperature, and plasma potenitiained from the analysis of a typical
radial scan. The data shown in Figure 35 corregporan axial position of 0.25 cm with

the hollow cathode operating at SC3 (see TableB&cause of the close axial proximity
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to the cathode, the plasma density is only obsetwddcrease quickly near the center
line of the cathode (i.e., near r =0 cm).

Figure 36 contains similar data collected at aralagpsition of 1 cm for simple
cathode SC10. Here, the plasma density is shovgtatd increasing at a larger radial
position, but in a much more gradual fashion. éneyal radial scans performed at larger
axial positions (z= ~3 to 4 cm) displayed nearlypstant plasma density over the entire
radial range investigated, except for high curreperating conditions and when
configurations using magnetic fields were testedhe radial profiles of electron
temperature and plasma potential shown in Figurer@b Figure 36 do not display as
much variation when compared to the plasma demsifiles (as was expected). This

was true in general for all data collected durimg study.

25 [ Condition #10 1 400
1.0 cm axial
o Vp 1350

N
o
T

-o—Te

Electron Temperature (eV), Plasma Potential (V)
Electron Density ( x10 °cm )

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 18 2
Radial Position (cm)

Figure 36: Combined Langmuir tracesfor flow condition SC10 at 1.0 cm axial position.
Representative of common radial sweep at medium axial positions.

76



After a set of Langmuir probe traces for each Hapisition had been analyzed, the
plasma property data were curve-fit t8-@der polynomials and pooled together to
create 2D contour plots. Three separate contoerg ormulated for each operating
condition, one for each of the plasma parameteosvshin Figure 35 and Figure 36.
Contours are oriented such that the cathode tgositioned at z=r= 0-cm, as Figure 37
shows. As described above, Langmuir probe measmnesmvere taken in the upper half
of the measurement field (from r= 2-cm to 0-cm &man z=0.25-cm to 3.25-cm) and
then mirrored about the cathode axis to improveatigation of the plasma flow field.
Also, no measurements were taken from z= 0-cm26-6m. This was done to ensure
that the Langmuir probe did not accidentally comt® icontact with the cathode. This
section will be boxed out in all contour plots, the thin rectangular box in Figure 37

shows.

Measurement Field

Cathode

& 504 }

T T T T T T
000 050 100 15 20 250 300
#odsl Postion (am)

Figure 37: Cathode orientation with respect
to RAPID system measurement field.
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5.1 Simple Cathode (SC)

The first measurements to be presented were cadlacting a simple hollow cathode
with no keeper and no magnetic field. Table 2 aimst a list of operating conditions
studied for the simple cathode configuration. Tiglwaut this paper, labels listed in

column 1 will be used to identify the test condisaeferred to in the text.

Table 2: Operating conditions for the simple halloathode configuration

Operating | Jg Vyq m Pressure

Condition | (A) | (V) | (scem) | (x10°Torr)
SC1 2 374 15 3.5
SC2 4 48.7 15 3.5
SC3 6 56.7 15 3.5
SC4 8 86.4 15 3.5
SC5 2 36.4 3 6.4
SC6 4 | 421 3 6.5
SC7 6 52.9 3 6.5
SC8 8 59.3 3 6.6
SC9 2 35.5 4.5 8.6
SC10 4 42.1 4.5 8.6
SC11 6 534 4.5 8.6
SC12 8 57.6 4.5 8.6

Figure 38 through Figure 55 show a variety of cantplots taken with the simple
cathode configuration. Figure 38 through Figure shbw plasma density plots for
conditions SC1 to SC4. These figures, as witlotler plasma density plots, are shown
as lines of constant contour X16m* versus axial and radial position. The cathode
resides just to the left of each contour plot wite cathode tip centered at r= 0-cm and

the cathode axis oriented along the z directiomaiA, the boxed off region between z=
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0-cm and z= 0.25-cm is where no data were takame tD drastic differences in densities
between different operating conditions, each canptat corresponds to a different scale.
Figure 38 displays a monotonic expansion in pladersity starting at the location r =
0-cm, z = 0.25-cm. The maximum plasma density i in Figure 38 is about 7.5 x
10" cm®.  Density expansions such as this one represgnbsimately 70% of the
plasma density contours observed during this samy are described as a “Standard”

expansion process (i.e., expansion from a pointcgdu One would think that this

1.50 1.50

1.00] 7009 0o
0.50 0.50

0.00+

Radial Position (cm)
o
o
?

-0.50 o -0.504

-1.00 -1.00

-1.50 -1.50

0.00 0.50 1.00 1.50 2.00 2.50 3.00 0.00 0.50 1.00 1.50 2.00 2.50 3.00
Axial Position (cm) Axial Position (cm)

Figure 38: n. contour plot for SC1 (x109 cm-3). Figure 39: ne contour plot for SC2 (x109 cm-3).
expansion process is related to spot mode operdtmnever, it was often difficult to
distinguish between spot and plume m8deperation through inspection of plasma
density contour plots alone, and our nomenclataré'$tandard” expansion may define
what might be visually observed as either spotlomp mode operation. For example,
Figure 38 (2 A, 1.5 sccm) corresponded to a catlupdating in the spot mode (from

visual observation) while Figure 41 (8 A, 1.5 sccws visually determined to be

operating in the plume mode.
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-0.50- -0.50

-1.00 -1.00
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0.00 0.50 1.00 1.50 2.00 2.50 3.00 0.00 0.50 1.00 1.50 2.00 2.50 3.00
Axial Position (cm) Axial Positon (cm)
Figure 40: n, contour plot for SC3 (x109 cm-3).  Figure41: ne contour plot for SC4 (x109 cm-3).
As we follow the trends caused by increasing tleetsdn emission current from 2 to 8
A (Figure 38 to Figure 41), we see the expansi@nghk from a monotonic one in Figure
38 to what we have termed a “Plasmoid” expansiofigure 39 (partially developed)

and Figure 40 (fully developed). Our plasmoid exgpans appear most similar to ball

mode as described by other researchers, but h#nsirmode was defined only with

____-F?_Iasmoid

Figure42: Overlay of plasmoid contour structure
measur ed on photo of plasmoid.
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regard to plasma density contours and not visuailythrough discharge voltage or

current waveform monitoring. Therefore our plasinoiodes may not encompass all
conventional ball modes or vice versa. In the $#ngathode configuration, the plasmoid
mode typically occurs between the spot and fullyeligped plume modes. In a large
majority of cases, the existence of a plasmoid esijoa feature corresponded to a ball-
like structure (the plasmoid) seen to form someadise away from the cathode. As
pointed out above, Figure 39 (condition SC2, 4 A& &ccm) seems to represent a
transition from a monotonic expansion (SC1) to asploidial expansion (SC3). If we

take a photo of a plasmoid and overlay the plasmoidour structure of SC3, we see that
they match rather well (see Figure 42).

As we continue to follow the increase in current iateresting transition occurs.
Figure 41 is a plasma density plot for conditiord38 A, 1.5 sccm). Note that the anode
voltage, shown in Table 2, for this condition isigtically higher than the previous, low-
current cases (SC1, SC2, and SC3). What has hagpand what may not be so evident
from the density contour, is that the cathode disgh has again transitioned into yet
another operating mode. At condition SC4, therentacuum chamber was visually lit
up with excitation. We have decided to term thigdmthe “Full-Plume” mode. The full-
plume mode usually can not be detected by simmlkifey at density contours like Figure
41, which appears to be a standard monotonic eipamngth about double the peak
plasma density seen in SC2. However, when lookpan plots of both plasma potential
and electron temperature (presented next), it besayuite apparent that a very different
mode is present. It is noted that at the low fi@ate condition of 1.5 sccm (Xe), the

cathode discharge was observed to transition betweegeral different modes as the
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current was increased from 2 A to 8 A. This sutggtsat a flow rate of 1.5 sccm may be
too low for the cathode to couple easily to the llanadistant anode used during these
tests. Transitions between modes did not occunwsh at higher flows used during the
rest of the simple cathode configuration study.

Figure 43 is a plasma potential contour map comegding to the plasma density map
of Figure 40. Here we plot potential in volts wessaxial and radial position. In this
figure, a slight rise in plasma potential on cdinteris observed near the cathode orifice,
followed by a potential drop through a V-shapedeyaktructure that develops in the
regions downstream of the cathode. In almost @llt& LK conditions, the plasma
potential was noted to have a valley structure waild form some distance in front of
the cathode on the centerline, many taking a sirvitahape to the one shown in Figure
43. Note the presence of the plasmoid observethg8C3 (6 A, 1.5 sccm) is not
evident in the plasma contour plot shown in Figi8e Also, from the structure of Figure

43, one can imagine the path of ions created witthénspan of this plot would tend to
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Figure43: V, contour plot for SC3 (V). Figure44: V, contour plot for SC4 (V).
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flow from the cathode (r,z = 0-cm) toward regionsttier away from the cathode,
following the gradient of the contour plot, withm@aximum energy gain of 5 to 10-V for
a singly charged ion.

Figure 44 shows the potential contour corresponthin§C4 (see Figure 41, 8 A, 1.5
sccm). Note several changes have occurred. Thst apparent change is that the
somewhat distant valley in Figure 43 has now becardeep hollow that sits directly in
front of the cathode. Upon inspection, it can éensthat the potential has increased 20 V
in the regions surrounding the hollow structurdae Plasma potential contour plot shown
in Figure 43 is very characteristic of a full-plumede. Here again ions would tend to
fall into the bowl from all other locations. It isoted that Langmuir probe traces
contained features indicating that the plasma wat aoisy in the hollow region, and it
is considered likely that the DC hollow structusefar from a hollow in an AC sense.
Regardless of our speculation, the negative patehili structure would tend to trap (or
confine) low energy ions unless an ion heating rarim was present to sweep them
from the region either continuously or periodicall\Neither Figure 43 nor Figure 44
present DC potential structures that exhibit stremglence for ion bombardment of the

cathode.
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Figure45: T, contour plot for SC3 (eV). Figure46: T.contour plot for SC4 (eV).

Figure 45 and Figure 46 contain electron tempesattomtours for SC3 (6 A, 1.5
sccm) and SC4 (8 A, 1.5 sccm). Here we have mlattectron temperature in eV as a
function of axial and radial position. It can ees that each contour roughly follows the
potential structures for these operating conditiof®r example, Figure 45 displays a
valley falling away from the cathode and Figuredd€plays a bowl or hollow just in front

of the cathode. Electron temperature contours fibldw their corresponding plasma
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Figure47: necontour plot for SC7 (x10°cm™®).  Figure48: n. contour plot for SC8 (x10° cm™).
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potential contours were somewhat common, and (jpkesma potential) electron

temperature contour gradients were typically venalsin comparison to plasma density
gradients. There is one key point to notice in ¢hectron temperature contour plot
shown Figure 46 for the full plume mode; the averatgctron temperature was about 8
eV while Figure 45 displayed an average electromptrature of around 2.5 eV. This
temperature is far greater than those displayexigfivout the remainder of this paper, but

was typical when the cathode operated in the fluliqe mode.
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Axial Position (cm) Axial Position (cm)
Figure49: V, contour plot for SC7 (V). Figure50: V, contour plot for SC8 (V).

At higher flow rate conditions of 3 and 4.5 sccng $ee some similar results to those
presented above. Figure 47 and Figure 48 shownglagensity contour plots for 6 and 8
A of electron emission at 3 sccm, conditions SCI @68, respectively. At SC7 (6 A, 3
sccm) we begin to see the formation of a plasmioadyever it does not seem to form
completely as it did in SC3 (6 A, 1.5 sccm) and pleesmoid appears to fall back to a
monotonic expansion at 8 A. In addition, a fulliple mode was not observed to develop

at SC8 (8 A, 3 sccm) in contrast to SC4 (8 A, Téng), which is believed to be a result

85



of the higher flow rate. Note that peak plasmasit&s of 10°cm™ were measured just
in front of the cathode for the SC8 condition. dat@ potential and electron temperature
contours for SC7 and SC8 can be seen in Figureh#fugh Figure 52. Comparing
potential contours between SC7 and SC8, we see seseenblance to SC3 and SC4.
Figure 49 shows a valley falling away from the calh as in SC3, but the valley begins
to close around z= 2.5 cm, again suggesting thaelwergy ions produced in front of the

cathode would be trapped (unless heated or peaslbgliswept out due to potential
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Figure51: T, contour plot for SC7 (eV). Figure52: T, contour plot for SC8 (eV).

fluctuations). Figure 50 resembles the potentialvlbof SC4, however voltages
throughout are much lower and comparable to th&tigdire 49. It is interesting to note
that Figure 28 shows evidence that ions formedrgelr axial positions (z> 2.5 cm) could
fall back into the cathode, although only with sy gain of a few volts.

Figure 51 and Figure 52 are electron temperatorgoar plots for SC7 and SC8
respectively. The same sort of trends seen inréigb (SC3, 6 A, 1.5 sccm) and Figure

46 (SC4, 8 A, 1.5 sccm) are exhibited here in that electron temperature structure
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Figure53: n,contour plot for SC10 (x10° cm™®).  Figure54: n, contour plot for SC11 (x10° cm™).

follows the potential structure. This time, howevboth contours have an average
electron temperature of around 2.5to 3.0 eV.

Figure 53 and Figure 54 show plasma density pmt$S€10 and SC11, 4 A and 6 A,
respectively, for a flow rate of 4.5 sccm. Fig®® shows the complete formation of a
plasmoid, at a lower current than those seen befBtasma densities for this condition
are slightly higher then those for plasmoids shgwaviously as well. Also, the plasmoid

seems to be larger and located further from thieockg than the lower flow plasmoids.
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As we increase the current from 4 A to 6 A (FigbBeto Figure 54), we again see the
transition from a plasmoid back to a smaller plasinr to a nearly monotonic
expansion). As before, the peak density has isedkdrastically from about 2.5xtem
% to 1.2x10°cm®. The increase in peak plasma density was obsewlehever
transitions occurred between a plasmoid and a higlreent monotonic expansion.

As an interesting side note, if one takes the sertaea and electron temperature of a
given plasma density contour line that surrounésctithode, the random thermal current
on that surface is roughly equal to the currentriggl in Table 2. This situation suggests
that in a DC sense, the plasma flow field downstreda hollow cathode adjusts itself to
just maintain the current being demanded of itisTdbservation was found to be nearly
true throughout this study when no magnetic fiebb\present.

A plot of the plasma potential from SC10 (4 A, 4&m) is shown in Figure 55.
Again the standard v-shaped valley is observedoton fdownstream of the cathode,

however the depth of the valley is not as deepnasneeasured at lower flow. At a flow
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Figure55: V, contour plot for SC10 (V).



rate of 4.5 sccm, few potential plots exhibitedyéagradients. In fact, the plot shown in

Figure 55 displayed the largest gradients obseirvadl potential contours measured with

the simple cathode configuration at 4.5 sccm. dnegal, plasma potential was relatively

constant at about 12.5 V throughout the measurefigdtfor 4.5 sccm of flow. Table 3

contains a summary of contour structures obsenvélae simple cathode configuration.

Table 3: Contour plot structure for the simpletuade configuration..

Operating | Jq4 Vyq m Pressure ne Shape T, Shape V, Shape
Condition | (A) | (V) | (scom) | (x10° Torr)
SC1 2 374 1.5 35 Standarg Depression| Fall From
Expansion| at cathode Cathode
SC2 4 48.7 15 3.5 Standard Constant Valley from
Exp. w/ Cath
Plasmoid
SC3 6 56.7 15 3.5 Plasmoid V Shaped V Shapged
SC4 8 86.4 15 3.5 Standard  Deep Deep
Expansion| Depression| Depression
near Cath. | near Cath.
SC5 2 36.4 3 6.4 Standarg Valley to Central
Expansion| Cathode Valley
SC6 4 42.1 3 6.5 Standard Cathode V Shaped
Exp. w/ Ridgeline
Plasmoid
SC7 6 52.9 3 6.5 Standard Valley to Central
Exp. w/ Cathode Valley
Plasmoid
SC8 8 59.3 3 6.6 Standard Valley to Central
Expansion| Cathode Valley
SC9 2 355 4.5 8.6 Plasmoid Constant Small Valley
SC10 4 42.1 4.5 8.6 Plasmoig Constant Small Valley
SC11 6 53.4 4.5 8.6 Standard Valley to Constant
Exp. w/ Cathode
Plasmoid
SC12 8 57.6 4.5 8.6 Standard Cliff at Constant
Exp. w/ | Large Axial
Plasmoid | Locations
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5.2 Simple Cathode with Near Plate Anode (SCP)
Table 4 displays operating conditions used forstestinducted with the near plate

anode on the simple cathode configuration.

Table 4: Operating conditions for the simple halloathode configuration with a flat plate anode.

Operating | Jqg Vyq m Pressure
Condition | (A) | (V) | (sccm) | (x10°Torr)
SCP1 2 34.0 15 35
SCP2 4| 417 1.5 35
SCP3 6| 497 1.5 35
NA 8 | 75.6 1.5 35
SCP4 2| 311 3 5.9
SCP5 4| 408 3 5.9
SCP6 6| 44.9 3 5.9
SCP7 8| 55.1 3 5.9
SCP8 2 32.2 4.5 8.0
SCP9 4 34.0 4.5 8.0
NA 6 | 44.1 4.5 8.0
NA 8 | 56.7 4.5 8.0

Figure 56 and Figure 57 contain plasma densitysgtmt 1.5 sccm at 4 and 6 A (SCP2
and SCP3). At 6 A, like the previous case at 38,cathode has transitioned into a
plasmoid (e.g., see Figure 57 and compare to FigQje In this case, the plasmoid is
compressed into a tighter ball that is locatedeslds the cathode. It is noted that the flat
plate anode is much closer than the ring anode insth@ SC case. This situation may be
enhancing the neutral density nearby the cathoderemeasing the ion production rates.
Plasma density for SCP3 is about double that ofSi8 test case. At 4 A in the SC2
case, the beginning stages of a plasmoid were wxgeMNow, as shown in Figure 56 for

4 A, a standard expansion profile is observed. h\ite flat plate anode, plasmoid
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Figure56: necontour plot for SCP2 (x10° cm™). Figure57: n. contour plot for SCP3 (x10° cm™).

formation may either be pushed closer into theaddhor may not occur at all for this
emission current level.

Figure 58 and Figure 59 show plasma potential dextren temperature contours for
SCP3. By comparing Figure 58 to Figure 43, onequaokly see similarities. Each plot
displays the characteristic “V” shaped valley fajliaway from the cathode and each
contour plot ranges from around 20 V near the aro about 10 V in the center of the
valley. Like before, ions created atr > 1.5 crd arx 0.5 cm would tend to fall into this
valley while electrons produced within the vallepwid tend to be accelerated away

radially. Peak densities for each condition weeasured at ~3xiem?.
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The electron temperature contours shown in Figefdlow the shape of the
potential contours and the temperature ranges leet&eand 3 eV. However, it seems
that the inclusion of the near-field plate anods Hecreased the electron temperature in
SCP3 by about 0.5 eV throughout the measuremeimrregin addition, a prominent
“cliff” in electron temperature is observed at thtart of the v-shaped potential valley
structure. A cliff-like structure was present ilglire 45 as well, but it was not fully

formed and it followed the V-shaped potential wallef Figure 43 rather than being
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Figure58: V, plot for Condition # SCP3 (V). Figure59: T, contour plot for SCP3 (eV).

freestanding like the feature in Figure 58. At fhresent time, we do not know why a
steep electron temperature gradient aligns itsielf the flat plate anode surface. As the
discharge voltage was increased to 8 A, the pladisharge became too unstable to be
characterized, and a transition to full-plume meaes visually confirmed, which was

similar to the SC4 (8 A, 1.5 sccm) test case.
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Figure 60: n. contour plot for SCP4 (x10° cm™). Figure 61: n. contour plot for SCP5 (x10° cm™).

Figure 60 through Figure 62 show the effect on magdensity as the discharge
current was increased from 2 A to 6 A at 3 sccnxeaxfon. Figure 60 (SCP4, 2 A, 3
sccm) shows a standard expansion with peak densitiéx16'cm. Figure 61 (SCP5, 4
A, 3 sccm) shows again a standard expansion wik fdensities reaching 7.5xtem>,
roughly double that seen in Figure 60. A plasmsigartially formed at 6 A, 3 sccm as

shown in Figure 62 (SCP6) with peak densities ado®x1d* cm? just in front of the

Radial Position (cm)

1.00 1.50 2.00 2.50 3.00

Axial Position (cm)

Figure 62: n. contour plot for SCP6 (x10° cm).
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cathode.

The plasma potential and electron temperature fdotsondition SCP6 (6 A, 3 sccm)
can be seen in Figure 63 and Figure 64, respegtivehe previously observed V-shaped
valleys of Figure 43 and Figure 45 now containfdéatures (i.e., at 2-cm axially
downstream from the cathode a quick drop in podéfom 12 V to 9 V is present that
corresponds to a 0.5 eV drop in electron tempesatum general, our study has found

that areas of low plasma potential contain coolecteons compared to areas of high

1.504

Radial Position (cm)

-0.50+

-1.00

-1.50

1.00

0.50+

0.00+

=
w = (%2} (o2}
Radial Position (cm)

[

—

0.00

0.50 1.00 1.50 2.00 2.50 3.00

Axial Position (cm)

Figure63: V, contour plot for SCP6 (V).

plasma potential.
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Figure65: n, contour plot for SCP9 (x10° cm™®). Figure66: V, contour plot for SCP9 (V).

Figure 65, Figure 66, and Figure 67 contain plapro@erty contour plots obtained at
test condition SCP9 (4 A, 4.5 sccm). In Figure @bagain see a standard expansion that
corresponds to a V-shaped potential map (Figure&@eak plasma density of fom?
was measured. As in SCP6, a plasmoid is neangddrat the higher flow rate condition
of SCP9 (see Figure 65 and compare to Figure 48).SCP9 (4 A, 4.5 sccm) the

potential contour shows an interesting depressimt jn front of the cathode. This
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Figure67: Tecontour plot for SCP9 (eV).
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depression is also present in the temperature egrdoopping about 0.5 eV. While the
V-shape seen previously is again present, the dfifprevious SCP configuration test
cases is not. At higher flows, it may be that psses causing the cliff formation have
moved closer to the cathode and are creating thedmture and potential depressions
observed near the cathode. Table 5 contains a atyrwhcontour structures seen in the

SCP configuration tests.

Table 5: Contour plot shape comparison list fag gimple cathode, near-plate anode test cases.

Operating | Jgq Vg4 m Pressure ne Shape Te Shape V, Shape
Condition | (A) | (V) | (scem) | (x10°Torr)
SCP1 2 34.0 1.5 35 Standard Cathode V Shaped
Expansion| Depression Slight
SCP2 4 41.7 15 3.5 Stnd Exp. Constant V Shaped
w/ Slight
Plasmoid
SCP3 6 49.7 15 3.5 Plasmoid Cliff V Shaped
SCP4 2 31.1 3 5.9 Standard Constant Valley from
Expansion Cath
SCP5 4 40.8 3 5.9 Standard Constant V Shaped
Expansion
SCP6 6 44.9 3 5.9 Standard V Shaped | V Shaped w/
Exp. w/ w/ Cliff Cliff
Plasmoid
SCP7 8 55.1 3 5.9 Standard Cathode V Shaped,
Expansion| Depression| Steep near
Cath.
Radially
SCP8 2 32.2 4.5 8.0 Standard Cathode V Shaped
Expansion| Depression
SCP9 4 34.0 4.5 8.0 Plasmoid Valley fram V Shaped
Cath w/
Cliff

5.3 Keeper Orifice Diameter = 2.7 mm (SK)
Tests of enclosed keeper configurations were paddrwith three different keeper

orifice diameters using the near plate anode. afidests, the keeper-to-cathode spacing
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was set to 1.3 mm. Table 6 contains a list of ajiey conditions studied using the 2.7

mm diameter keeper orifice configuration.

Table 6: Operating conditions for the cathode agunfation with an enclosed keeper (orifice dia. 72

mm).

Operating | Jq 2 m Pressure
Condition | (A) | (V) | (scem) | (x10°Torr)
*NA 2 36.5 15 3.8
SK1 4 41.5 15 3.8

40.4 3.4
*NA 6 78.0 15 3.8
*NA 2 29.5 3 5.6
SK2 4 37.8 3 5.6

40.1 5.6
SK3 6 47.0 3 5.6
SK4 8 56.0 3 5.6
SK5 2 32.6 4.5 8.0
SK6 4 39.5 4.5 8.0
SK7 6 47.5 4.5 8.0
SK8 8 55.7 4.5 8.0
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Figure68: n. contour plot for SK1 (x10° cm™). Figure69: V, contour plot for SK1 (V).
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The plasma property contours shown in Figure 6Bitiure 70 were constructed for
the only condition at 1.5 sccm that resulted inadble plasma discharge. This was the 4
A case (the 2 A case was unstable and the 6 andt&sés corresponded to full-plume
mode operation where the discharge voltage fluetbat 5Vv). In Figure 68 a fully
developed plasmoid can be seen. Peak densityeiplesmoid is roughly 2xitem?,
The unusual elongated shape of the plasmoid masabsed by the keeper orifice hole

being small enough to enhance the neutral denkitygathe cathode axis. Figure 69

Radial Position (cm)

T T T
1.50 2.00 2.50 3.00

Axial Position (cm)

Figure70: T, contour plot for SK1 (eV).

plasma potential contours show a v-shaped valleyhen regions downstream of the
cathode. Figure 70 electron temperature contdurs/ peaks developing off axis and a
cliffatz =2 cm.

Figure 71 through Figure 73 contain plasma dersitytours for test conditions where
the current was increased from 4 to 8 A at a hidllogr rate of 3 sccm. One can see that

as the current doubles, the peak plasma densightpdoubles as well (from 3xiem?
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Figure71: necontour plot for SK2 (x10°cm™®).  Figure 72: n. contour plot for SK3 (x10° cm™).

to 6x10'cm®). All three test conditions show the presencevell developed plasmoid
structures.

Figure 74 and Figure 75 compare plasma potentiadt fand 8 A (3 sccm) where no
significant differences are observed. Both confdats range from about 20 to 10 V and
both display v-shaped structures with about a 5rdpd In addition no significant cliff

structure was observed anywhere in either contbuhoth cases, the base of the v-shape
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Figure 73: ne contour plot for SK4 (x10° cm™).
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Figure74: V, contour plot for SK2 (V). Figure75: V, contour plot for SK4 (V).

potential field lies under the center of the plagmo
Figure 76 and Figure 77 are electron temperatur¢éocos for both 4 and 8 A at 3

sccm. These temperature maps are similar to SKfur@ 70, 4 A, 1.5 sccm), but are
quite different to those presented before. Herecliff was observed, but instead a
hollow is seen directly in front of the cathode whéhe temperature drops about 1 eV.
This hollow structure surrounded by peak formatianay suggest the keeper is
enhancing the neutral density along the axis ot#tbode. Figure 77 suggests that areas
directly under the plasmoid have slightly lowerctlen temperatures. Interestingly, in
both Figure 76 and Figure 77 two peaks are praserghly at z=2.25 cm and r=1 cm.
Assuming azimuthal symmetry, this contour sugg#sds a toroid or doughnut structure
of high temperature electrons exists. The peaksldntron temperature lay directly on
top of high voltage “peninsulas” seen in plasmaepbéal plots in Figure 74 and Figure

75.

100



It was first thought that the electron temperaplogs may be erroneous and the entire
set of electron temperature contour plots was resttocted for the SK case. It was
found that all conditions with flow rates above $dem exhibited electron temperature
plots similar to those shown in Figure 76 and Fegér. In fact Figure 70, an electron
temperature plot for a condition at 1.5 sccm, doesses many of the features observed
in Figure 76 and Figure 77, but with the additidnaocliff structure at a large axial
location.

At 4.5 sccm very similar results to those aboveewiund. Graphs for the final
condition in this test (SK8, 8 A, 4.5 sccm) candeen in Figure 78, Figure 79, and
Figure 80. When compared to SK4 one can see ligaplasmoid has grown in size
slightly while dropping in temperature, maintainithg total random thermal current over
a closed surface to around 8 A. Table 7 presendsnamary of contour structures

observed in the SK configuration.
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Figure 76: T contour plot for SK2 (eV). Figure77: Tecontour plot for SK4 (eV).
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Table 7: Contour plot shape comparison table foa8 orifice enclosed keeper case.

ed

Operating | Jgq Vg4 m Pressure ne Shape Te Shape V, Shape
Condition | (A) | (V) | (scem) | (x10°Torr)
SK1 4 41.5 1.5 3.8 Plasmoid V Shaped| V Shaped
40.4 3.4 w/ CIiff
SK2 4 37.8 3 5.6 Plasmoid Cathode | V Shaped w/
40.1 5.6 Depression| Plasmoid
Depression
SK3 6 47.0 3 5.6 Plasmoid Cathode V Shaped
Depression
SK4 8 56.0 3 5.6 Plasmoig Cathode V Shaped w/
Depression| Plasmoid
Depression
SK5 2 32.6 4.5 8.0 Plasmoid Constant V Shape
SK6 4 39.5 4.5 8.0 Plasmoid Cathode V Shaped
Depression
SK7 6 47.5 4.5 8.0 Plasmoid Cathode V Shaped w/
Depression| Plasmoid
Depression
SK8 8 55.7 4.5 8.0 Plasmoid Cathode V Shaped
Depression

5.4 Keeper Orifice Diameter = 3.8 mm (MK)

A diameter of 3.8 mm was selected for the secorgéweorifice diameter. The keeper

face plate was removed from the keeper and drilexize. It was then re-spot welded to

the keeper body. Conditions tested during thigifipestudy are shown in Table 8.

Table 8: Cathode with Enclosed keeper of 3.8mdiameter operating conditions

Operating | Jg Vyq m Pressure
Condition | (A) | (V) | (scem) | (x20°Torr)
MK1 2 36.7 15 4.2
MK2 4 42.4 15 4.2
MK3 6 50.2 15 4.2
MK4 8 56.9 15 4.2
MK5 2 34.1 3 5.9
MK6 4 41.8 3 5.9
MK7 6 46.2 3 5.9
MK8 8 53.8 3 5.9
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MK9 2 | 338 4.5 7.3
MK10 4 | 325 4.5 7.3
MK11 6 | 43.7 4.5 7.3
MK12 8 | 52.7 4.5 7.3

A definite change was noticed immediately when contmaps for this case (MK)
were compared to those in the previous section.(SKhere previously every condition

resulted in a plasmoid expansion structure, heesgyesondition resulted in a monotonic
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Figure81: n, contour plot for MK 1 (x10° cm™®). Figure82: n. contour plot for MK 4 (x10° cm™).

expansion. The small keeper orifice may offer iicgntly more surface area where
plasma ions can re-combine and reduce plasma ctwvithuc To adjust, the small keeper
orifice cathode apparently forms free-standingplaisl structures to produce the plasma
necessary to conduct the current being demandid At this time, we do not know the
conditions when a cathode is forced to create miffeplasma-bridge flow fields or the

processes by which the cathode accomplishes this fe
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Figure 81 and Figure 82 display plasma densitysplot the MK1 and MK4 cases,
respectively. They correspond to a change in oufrem 2 to 8 A at a constant flow
rate of 1.5 sccm. Both cases show standard exgpabshavior. This is characteristic of
all plasma density maps for the MK configuratidn.Figure 81, the peak plasma density
was 1.6x16fcm®. Figure 82 (the 8 A, 1.5 sccm case) peaks at Idoilie density of
Figure 81, at about 3.5x¥@m?> The random thermal current passing through the

600x10cm™ contour line was found to be 7.8 A, which is irodoagreement with the
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Figure83: V, contour plot for MK 1 (x10° cm™).  Figure 84: V,, contour plot for MK 4 (x10° cm).

discharge current setting of 8 A.

Figure 83 and Figure 84 contain plasma potentigdsiar the above density contours.
Figure 83 shows a v-shaped potential valley fallavgay from the cathode. The v-
shaped ridgelines in this case blend into the lohdbe valley a little better then most
reported previously. Figure 84, the potential gtot MK4 (8 A, 1.5 sccm), reveals an
even smoother v-shaped valley. No cliff structoearby the anode was observed during

this test. The last two figures presented for t&rsare electron temperature plots for
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Figure85: T, contour plot for MK 1 (x10° cm™®). Figure86: T, contour plot for MK 4 (x10° cm®).
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MK1 and MKA4, respectively, in Figure 85 and Figu8e. Each displays a hollow
structure corresponding to the broadening of tisbape valley in the potential, again low
temperatures at low potentials were observed.

Almost identical results were observed at 3 sccner@tMK5 (2A), MK7 (6A), and
MKS8 (8A) all exhibit monotonic expansions. In atiloin, each test condition resulted in a
v-shaped plasma potential structure valley and eadfibits nearly constant electron
temperature with slight hollow structures formingtlae base of the potential valleys.
The only condition that differs from these is MKBA( 3 sccm). Figure 87 and Figure 88
compare plasma density contours for MK5 (2A) andéVK A). Figure 88 displays a
plasmoid expansion for the 4 A case, MK6. The pdakma density in the plasmoid is
significantly lower than the peak plasma densitytioé lower current, MK5 (2 A)
monotonic expansion, as was common with most plasnovhen compared to

monotonic expansions that occurred at nearby condit
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Potential plots for each case above are shownguar€&i89 and Figure 90. Figure 89
again shows a common v-shaped valley for the stdregansion of MK5. In contrast,
Figure 90 reveals a central tightening of the “¥ito a near column and a slight hollow.
Electron temperatures for both cases were mosthgtaat at about 2.2 eV. The peak
plasma density at 8 A for the 3 sccm condition ammind 5x1&cm™. This is about a
factor of 10 higher than the peak density seenllifa8 A test conditions with the
smaller keeper (SK) orifice configuration, whereagshoids were the only form of
expansion that was observed. Increasing the erdiea seems to have the effect of
increasing the plasma density immediately downstrefithe cathode. This is not to say
that higher densities did not exist in the smalfiice configuration, they may have been

simply confined to within the cathode-keeper spgaannearby the keeper orifice.
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Figure 87: n. contour plot for MK5 (x10° cm™®).  Figure 88: n, contour plot for MK 6 (x10° cm™).
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The higher flow rate condition of 4.5 sccm resulteadontour plots that were similar
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Figure90: V, contour plot for MK6 (V).

11

to the 3 sccm test condition. For this case wey @bt data for the final condition,

MK12 (8 A). Figure 91 and Figure 92 are plots bé tplasma density and plasma

potential, respectively. In Figure 91 we see addad density expansion peaking just

under 5x1&cm®. As mentioned above, this expansion is similaottrers observed at

lower flow rate for the MK configuration. The déysdncreases quickly near the cathode

and dominates the contour plot to the point whegdures in the surrounding area are

hard to discern. A radial sweep taken at z= 0125far MK12 is shown in Figure 93.

Here an increase of three orders of magnitude nsilecan be seen near the cathode
center line (r = 0 cm). The plasma potential plbFgure 92 again reveals a v-shaped
valley falling away from the cathode. At this cdmah, the bottom of the valley structure

is broader and flatter than those seen previouslable 9 contains a summary of

structures observed during the MK study.
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Table 9: Contour plot shape comparison table fedimm orifice, enclosed keeper configuration.

Operating | Jq4 Vyq m Pressure ne Shape T, Shape V, Shape
Condition | (A) | (V) | (scom) | (x10° Torr)
MK1 2 36.7 1.5 4.2 Standard Central V Shaped
Expansion| Depression
MK2 4 42.4 1.5 4.2 Standard Constant V Shaped
Expansion
MK3 6 50.2 1.5 4.2 Standard Constant V Shaped
Exp. w/
Plasmoid
MK4 8 56.9 1.5 4.2 Standard Cathode V Shaped
Exp. w/ Depression
Plasmoid
MK5 2 34.1 3 5.9 Standard Constant V Shaped
Expansion
MK6 4 41.8 3 5.9 Plasmoid Cathode V Shaped
Depression
MK7 6 46.2 3 5.9 Standard Cathode V Shaped
Expansion| Depression
MK8 8 53.8 3 5.9 Standard Cathode V Shaped
Expansion| Depression
MK9 2 33.8 4.5 7.3 Standard Constant V Shaped
Expansion Slight
MK10 4 325 4.5 7.3 Standard Constant V Shaped
Expansion
MK11 6 43.7 4.5 7.3 Standard Constant V Shaped
Expansion
MK12 8 52.7 4.5 7.3 Standard Constant w/| V Shaped
Expansion| Central
Depression
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5.5 Keeper Orifice Diameter = 4.75mm (LK)
The largest keeper orifice diameter studied wa$s fih, equaling that of the NSTAR

discharge cathode. A list of test conditions fos tonfiguration is shown in Table 10.

Table 10: Operating conditions for a keeper osfitiameter of 4.7 mm.

Operating | Jg Vyq m Pressure
Condition | (A) | (V) | (scem) | (x20°Torr)
LK1 2 36.4 15 3.4
LK2 4 42.3 15 34
LK3 6 51.1 15 34
LK4 8 57.0 15 34
LK5 2 | 346 3 5.2
LK6 4 | 42.2 3 5.2
LK7 6 45.7 3 5.2
LK8 8 54.5 3 5.2
LK9 2 34.5 4.5 6.6
LK10 4 34.5 4.5 6.6
LK11 6 44.5 4.5 6.6
LK12 8 53.5 4.5 6.6
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Figure94: ne contour plot for LK1 (x10° cm™). Figure95: V, contour plot for LK1 (V).
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Figure 96: T, contour plot for LK1 (eV).

Results similar to those observed with the MK cgufation were obtained. Figure
94, Figure 95, and Figure 96 are contour plotsriidkam the condition of 2 A at 1.5sccm
(LK1). Figure 94 plasma density contours reveatandard expansion with a peak
density just under *fcm®. Figure 95 plasma potential contours reveal thamon v-
shaped valley. However, a slight cliff structiseshown at z = 1 cm. This cliff in plasma

potential corresponds to a ~1 eV drop in electeangerature, as shown in Figure 96. It
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Figure97: ne contour plot for LK4 (x10° cm™). Figure98: V, contour plot for LK4 (V).
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is odd to see this cliff reappear from the SK ca8&hough the cliff was present at LK1
(2 A, 1.5 sccm), it is not as strong as those satinthe SK configuration and the cliff in
plasma potential is not present in any LK test dooaks.

Figure 97, Figure 98, and Figure 99 contain corgdaken at LK4 (8 A, 1.5 sccm).
Here again we see a monotonic expansion in Figdrar®l a v-shaped valley falling
away from the cathode in Figure 98, however, nfh structure is present. An electron
temperature rise is observed to occur in regionsesponding to the walls of the v-
shaped potential valley.

As the flow is increased from 1.5 sccm to 3 sccmagain see similar trends. Figure
100, Figure 101, and Figure 102 are contours o$itierpotential, and temperature taken
from condition LK5 (2A, 3 sccm). A monotonic detysexpansion is observed with a
peak just under ¥8cm™® and a v-shaped potential valley falling away frsra cathode.
Also again, at 2 A, some evidence of a slight difucture is observed. At z= 1.25 cm

the potential drops to around 14 V (at r= 0 cm)rfrabout 19 V (at r=0.6 cm) . This
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& —\\
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Figure99: T.contour plot for LK4 (eV).
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Figure102: T, contour plot for LK5 (V).

potential structure corresponds to a drop in teatpee of about 0.5 eV, as shown in
Figure 102. As before, the cliff is rather weak.

As the current was increased to 8 A, conditionsiged much as they did for the 1.5
sccm case. Density, still in a monotonic expansiooreased to a peak value above

2x10cm® and the potential “v” was formed. Again at 8A walley was observed in
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temperature, however, a slight increase in temperatearby the regions on the plasma
potential “V” walls was observed.

For 4.5 sccm, as in both the 1.5 and 3 sccm t@btsonditions displayed a monotonic
density expansion with a v-shaped potential vadteycture. Slight temperature changes
were observed at low current, slowly flattening astthe current was increased. Figure
103, Figure 104, and Figure 105 show density, piaterand temperature plots for
condition LK12. Peak density in this case rosatiout 5x16/cm* and the potential “v”
was broadened a bit. Also, a slight temperatuseedse was observed near the cathode
surrounded by a region of constant temperature.ofe¥. Table 11 is a summary of

contour structures observed in the LK configuratests.
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Figure 103: n, contour plot for LK 12 (x10° cm). Figure 104: V, contour plot for LK12 (V).
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Table 11: Contour plot shape comparison tableN&TAR orifice enclosed keeper case.

Operating | Jg Vg4 m Pressure ne Shape T, Shape V, Shape
Condition | (A) | (V) | (sccm) | (x10°Torr)
LK1 2 36.7 1.5 4.2 Standard Constantw/ | V Shaped
Exp. w/ Cliff w/ Cliff

Plasmoid

LK2 4 424 1.5 4.2 Standard Const w/ Cath| V Shaped
Expansion| Depression

LK3 6 50.2 1.5 4.2 Standard  Constant V Shaped
Expansion

LK4 8 56.9 1.5 4.2 Standard Const w/ Cath| V Shaped
Expansion| Depression

LK5 2 34.1 3 5.9 Standard  Constant V Shaped
Expansion

LK6 4 41.8 3 5.9 Standard  Constant V Shaped
Expansion

LK7 6 46.2 3 5.9 Standard  Constant V Shaped
Expansion

LK8 8 53.8 3 5.9 Standard  Constant V Shaped
Expansion

LK9 2 33.8 4.5 7.3 Standard  Constant V Shaped
Expansion

LK10 4 325 4.5 7.3 Standard  Constant V Shaped
Expansion

LK11 6 43.7 4.5 7.3 Standard  Constant V Shaped
Expansion

LK12 8 52.7 4.5 7.3 Standard  Constant V Shaped
Expansion
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5.6 Cathodein a Magnetic Field with a Plate Anode (M P)

The effect of an axial magnetic field on the disgesplasma of our hollow cathode is
presented next. The same enclosed keeper anddeatis®d in previous tests was
utilized in this configuration. For the first cagsxamined under the presence of a
magnetic field, the near-field, flat-plate anodesviett in place. It was observed in early
testing that the discharge of the cathode was igbllimated and the discharge current
was collected on a relatively small area of thedanlocated on the axis of the cathode.
This caused the anode to glow red hot at the plagtaehment point. For fear of melting
the anode, only measurements at 2 A and 4 A emissiorents at 1.5 sccm were

performed. Table 12 lists the details of these dwerating conditions that are designated

MP1 and MP2.
Table 12: Cathode in axial magnetic field withtglanode
Operating | Jg Vyq m Pressure
Condition | (A) | (V) | (scem) | (x10°Torr)
MP1 2 | 26.6 15 4.2
MP2 4 | 259 15 4.2
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Figure 106: n contour plot for MP1 (x10° cm™®). Figure 107: V, contour plot for MP1 (V).
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As mentioned above, the inclusion of an axial mégrieeld was expected to confine
the discharge plasma along the cathode axis. €&ifj06, Figure 107, and Figure 108
show contour plots created from the MP1 operatiogd@ion (2 A, 1.5 sccm), and, as
expected, a drastic change was observed betweese tbentour plots and ones
constructed from measurements made without a miagrieid. Specifically, a
completely new plasma density expansion is showhigure 106. This expansion is
very collimated and extends further into the measent field than other expansions
shown above. We will refer to this expansion tggea plasma “jet” in the text to follow.
The plasma jet observed in Figure 106 displaysak plensity of 1x1&cm?>. However,
densities just below the peak extend almost teedifarther into the measurement field
compared to expansions measured without a magfinetic The magnetic field strength
nearby the cathode is about 100 gauss, givingléotrens a gyro radius of about 0.3 mm
at 2 eV. Xenon ions at an assumed (low energ@ &V on the other hand have a gyro

radius of several centimeters at this field strengt
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It is noted that the 250x@m™ contour in Figure 106 has an area of about 7.8 cm
The random thermal current of electrons acrosssiliface is ~7.6 A, which is quite a bit
larger than the 2 A emission current condition¥#?1. However, when one integrates
the random thermal current density across a plaeated perpendicular to the cathode
axis, a value closer to the expected 2 A is obthir@@bviously the electrons along a
particular contour oriented parallel to the appliedgnetic field are being contained.
Although electrons along axially oriented contoues$ are being confined in the radial
direction, it is noted that there is a gradientpotential in the radial direction that is
perpendicular to the applied magnetic field (segufgé 107). The rate of electrons being
supplied to the radial boundary of the potentiadignt is difficult to determine, but, if
the core of the plasma jet is sufficiently turbulethis rate could be non trivial. It is
noted in this case that a significant level of agimal (Hall) current is very likely to
develop in the region where the potential grademdts.

The plasma potential contour shown in Figure 103pldys a canyon or trench
structure, following the plasma jet of Figure 10Bhe walls of this canyon are relatively
steep, increasing almost 15 V over a radial digai®.5 cm, with a base voltage around
13 V. This canyon has the effect of collecting drapping low energy ions on the
cathode centerline, and the anode end of the trehohld reflect ions back toward the
cathode. Data presented by Jameson et al. shadlarspatential structure result when an
axial magnetic field is preséfit although an even greater potential increase tnveas
seen in their study, which was performed at a higischarge current.

Electron temperature contours are shown in Fig@@ for MP1 (2 A, 1.5 sccm).

Here we have a rather interesting feature of symakeigh temperature ridgelines lying
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directly over the walls of the plasma potentiausture. Another interesting result to
note is that, at radial positions past the ridpe, électron temperature falls back to the
value measured on the cathode centerline. Eletteating is occurring on the potential
canyon walls causing this 3 eV rise in temperated this result supports our
supposition that a significant azimuthal currentynteave developed. The processes
causing the dramatic rise in electron temperatuag also tie into observations of high
energy ions made with remotely located probeswlggie sighted at zenith angles just off
centerline and at 90° from centerline of an NSTA&Itarge chambe?®?®

As alluded to above, with an applied magnetic fislome azimuthal current may be
present. Ohm’s Law is written as:

j=0.E
5.1
Where o is the conductivity, being in this case a tensdfquation 5.1 can be

expanded and converted into cylindrical coordinasethe following:

ve Etos(e) — Bin(e) 0
2 2 2 2
iy ) ve + we ve + we Ex
. q g we ve
lg | = 1l Bin(e) mos(e) 0 Ey
Mg 2 2 2 2
iy ve + we ve + e Ez
0 0 =
ve

5.2
The equation above assumes that a magnetic fiebpptied only in the axial (z)
direction. Also, the neutral density near the odth may be enhanced above the

background density due to flow from the cathodd, wili drop to lower values as a
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function of distance from the cathode. Thereftwedlectron-neutral collision frequency

can be written as:

8k [T .
vz Ty em’en - nﬁtos(e)
T v,

T,

5.3

By applying the measured values for plasma dengdiential, and temperature to the
above Equation (Eg. 5.2), an estimate for the athialicurrent () can be made for MP1.
Figure 109 shows the azimuthal current density fim?%as a function of radial and axial
position. As can be seen, the most intense azahgtirrent density is found where the
plasma density is greatest, just at the start@fpibtential trench observed in Figure 106.
By integrating over all positive radial positioried dotted area show in Figure 109), we
calculate that the total azimuthal current in tl@gion to be 0.657A, some 30% of the
discharge current (2A). While this does not actdon the 7.6A of assumed random
thermal current, it does point to the fact thathwétn applied magnetic field, plasma
expansion is not strictly axial to the anode andg/ tm@ much more complex. It is also
noted that the 0.657A azimuthal current value & et current, and, in fact, the peak
(local) azimuthal current coming out of the r-zrgamay be greater due to the two
regions shown in blue near the centerline that flot® the r-z plane (in the opposite
direction of the red colored zones). The regiohgasitive and negative azimuthal

current density suggest the presence of a complexter flow system.
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Lastly, as a check on our azimuthal current dgrtsilculations, we can measure the
current carried by the drift velocity induced beémdhe electric and magnetic field. This

current can be written as:
) E
ja =q—=-n 5.4
d ‘B‘ e .

The integrated drift current in the upper half e 109 was again calculated to be

2.25=

Jy = 0.657 A
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Figure 109: Azimuthal Current Density for MP1 (Jp = 2A, m = 1.5sccm).
0.657 A, suggesting that the predicted azimuthekeeu is nearly collisionless and equal
to the drift current. In our case the electri¢dim the y-direction is unknown and
assumed to be zero, which effectively eliminatestiterm in equation 5.2. While this

is most likely a reasonable assumption, furthersuesaments (performed in three
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Figure 110: ncontour plot for MP2 (x10° cm™). Figure 111: V, contour plot for MP2 (V).

dimensions) would be required to quantify the auraensity flow structure of our
plasma.

Figure 110, Figure 110, and Figure 112 are conmtaajos created from the MP2 (4 A,
1.5 sccm) condition. Here we see a nearly idelnsitaation to MP1. The peak density
in Figure 110 is about five times greater than peak density of Figure 106 (i.e.,

5x10*cm®). Figure 113 contains a contour plot of the calmd azimuthal current
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Figure112: T.contour plot for MP2 (eV).
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density for MP2. Here the peak current densitgliserved much closer to the cathode,
as the plasma density drops quickly with distamomfthe cathode (see Figure 110). The
calculated Hall (azimuthal) current in the top halfFigure 113 was calculated to be
1.28A, about 30% of the discharge current. Taldepdesents a brief summary of the

contour structures for the MP configuration.

Table 13: Contour plot shape comparison tablesf@athode in an axial magnetic field with a plate

anode.
Operating | Jg Vy4 m Pressure neShape | T, Shape V,, Shape
Condition | (A) | (V) | (scom) | (x10°Torr)
MP1 2 26.6 1.5 4.2 Plasma Jet Ridgeline Central
over V, Trench
Trench
MP2 4 25.9 1.5 4.2 Plasma Jet Ridgeline Central
over \j, Trench
Trench

0.9
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0 0.25 3 345

L1178
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Figure 113: Azimuthal Current Density for MP2 (Jp = 4A, m = 1.5sccm).
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5.7 Cathodein a Magnetic Field with a Ring Anode (MR)

Another ring anode was constructed that was sinlahe one used in the SC case,
but wider and placed closer to the cathode (seer&ig7). With this anode, a full set of
operating conditions was achievable with the magrietld, and the conditions that were

evaluated are listed in Table 14.

Table 14: Cathode in axial magnetic field withgianode

Operating | Jg Vyq m Pressure

Condition | (A) | (V) | (sccm) | (x10°Torr)
MR1 2 | 3458 15 4.2
MR2 4 | 326 15 4.2
MR3 6 | 31.7 15 4.2
MR4 8 | 25.6 15 4.2
MR5 2 | 321 3 6.6
MR6 4 | 29.0 3 6.6
MR7 6 28.0 3 6.6
MR8 8 25.9 3 6.6
MR9 2 30.0 4.5 9.1
MR10 4 | 265 4.5 9.1
MR11 6 | 26.8 4.5 9.1
MR12 8 | 25.0 4.5 9.1

Figure 114, Figure 115, and Figure 116 contain@aanplots for condition MR1 (2A,
1.5 sccm). These plots are similar to ones obdafoe MP1 (2A, 1.5 sccm) except the
plasma potential measured within the trench wahdrighan MP1 and the plasma
potential at large radial positions was lower thdR1. The plasma density contours
shown in Figure 114 are very similar to those ole@iin Figure 106. A plasma jet has
formed, extending some distance downstream, witeak density near #&m?, again

showing the confining effect of the magnetic fieldzigure 115 contains the plasma
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Figure 114: n, contour plot for MR1 (x10° cm®). Figure 115: V, contour plot for MR1 (V).

potential map for this condition. A potential canystructure is observed, as in Figure
107, but with less voltage drop across the ridge(®V for MR1 compared to 15 V for
MP1). The electron temperature is the only bidedénce between the ring (MR1) and
plate anode (MP1) conditions. Where before a gtrtamperature ridgeline (3 eV)
occurred directly over the potential canyon wallsw only a slight rise in temperature of
about 1 eV is observed. It is also noted thatreoda voltage increase of about 12 V was
required to establish a 2 A discharge to the rimgda (over what was required with the
flat plate anode).

Plasma property contours were similar in structlmeughout the 1.5 sccm testing.
Below we show the final three contour maps conggdiat 1.5 sccm, condition MP4 (8
A). Note again that a plasma jet has formed (Fduk7) with a peak density of around
3x10cm?, although this jet is beginning to transition imstandard expansion structure
nearby the cathode.

Plasma potential contours for MR4 (8 A, 1.5 sccispldy a canyon structure on the

cathode centerline. The canyon walls near theodatfare steeper for this case, and, as a
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result, a temperature canyon structure is alsoreedan Figure 119. Temperature rise
across the canyon wall is about 2 eV. Further didvgam a temperature increase of 1 eV

was also observed in regions far from the cathedeecline.

Radial Position (cm)

0.50 1.00 1.50 2.00 2.50 3.00

Axial Position (cm)

Figure 116: T.contour plot for MR1 (eV).

At 3 sccm, all four discharge current conditionsptiy plasma jets ranging in density
from 1 to 7x18%cm®. Potential canyons were seen in all cases as with voltage
changes across the walls of ~8 V. Electron tentpexaglots for the 3 sccm case were
relatively flat with a slight rise in temperatuirially from centerline as shown in Figure
119 and Figure 120. The 4.5 sccm tests displajeshia jet expansions as well, with
some evidence of standard plasma expansion nelaebgathode (e.g., see Figure 121,
MR11, 6 A). When the discharge current was incrédee8A, the standard expansion
features were more pronounced. Peak density sncige is more than double that of the

6A case at 1.7x1cm?,
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Figure117: n. contour plot for MR4 (x10° cm™). Figure 118: V, contour plot for MR4 (V).

Plasma potential and electron temperature contaysrfor MR12 (8 A, 4.5 sccm) are
shown in Figure 123 and Figure 124. Here againtarpial canyon is shown along with
the plasma jet, although this time we begin totkeesnd of the canyon, as the plasma jet
is smaller then most. This hints that other po#trmtanyons like this one may have a
termination point at some point downstream of hhade after which they slowly rise to

higher potential. This is to be expected as thesph jet is expected to eventually
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Figure119: T.contour plot for MR4 (V). Figure 120: T.contour plot for MR7 (V).
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Figure 121 n. contour plot for MR11 (x10° cm™). Figure 122: n. contour plot for MR12 (V).

equilibrate with the boundary conditions being ire@d by the anode. A dip in potential
directly under the intense monotonic expansionh@mws in Figure 123. The electron
temperature in Figure 124 is relatively constanif there is a noticeable drop in
temperature under the density expansion as thesenM@gure 120. In addition, a slight
rise in temperature was observed at high radiatipos of about 1 eV.

Lastly, the calculated azimuthal current density MR11 is shown in Figure 125.
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Figure 123: V, contour plot for MR12 (V). Figure 124: T.contour plot for MR12 (eV).
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Figure 125: Azimuthal Current Density for MR11 (Jp = 6A, m = 4.5sccm).
Temperature and potential data used for this caticul come from contour plots shown

in Appendix A. Here the Hall (azimuthal) currestroughly 50% the discharge current,

at 2.9 A. Table 15 presents a brief summary ottirgour structures described above.

Table 15: Contour plot shape comparison tabledathode in axial magnetic field with ring anode.

Operating | Jg Vy m Pressure ne Shape T, Shape V, Shape
Condition | (A) | (V) | (scom) | (x10°Torr)
MR1 2 34.8 15 4.2 Plasma Jet Central Central
Depression Trench
MR2 4 32.6 15 4.2 Plasma Jet  Ridgeline Central
overV, Trench
Trench
MR3 6 31.7 15 4.2 Plasma Jet Centra]  Central
Depression Trench
MR4 8 25.6 15 4.2 Plasma Jet Central Central
w/ Stnd. | Depression Trench
Exp.
MR5 2 321 3 6.6 Plasma Jet Centra Central
Depression Trench
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MR6 4 29.0 3 6.6 Plasma Jet Centra Central
Depression Trench

MR7 6 28.0 3 6.6 Plasma Jet Central Central
Depression Trench
MR8 8 25.9 3 6.6 Plasma Jet Central Central
Depression Trench
MR9 2 30.0 4.5 9.1 Plasma Jet Central Central
Depression Trench
MR10 4 26.5 4.5 9.1 Plasma Jet Central Central
Depression Trench
MR11 6 26.8 4.5 9.1 Plasma Jet Central Central
w/ Stnd. | Depression Trench
Exp.

MR12 8 25.0 4.5 9.1 Plasma Jet Const w/ Central
w/ Stnd. Cathode Trench

Exp. Depression

5.8 Cathode in a Magnetic Field with a Ring Anode at High
Discharge Currents (MRH)

Several tests were conducted at high dischargermtstrand the results are described
below. The same large ring anode used in the MRguration was utilized for the high

current tests. Table 16 contains a list of the@jpeg conditions that were investigated.

Table 16: Cathode in axial magnetic field withgianode and at high power.

Operating | Jg Vyq m Pressure
Condition | (A) | (V) | (sccm) | (x10°Torr)
MRH1 10 | 35.2 15 3.8
MRH2 10 | 25.2 3 4.2
MRH3 15| 27.7 3 4.2
MRH4 20| 29.8 3 4.2
MRH5 10 | 26.7 4.5 7.7
MRH6 15| 26.9 4.5 7.7
MRH7 20| 28.0 4.5 7.7
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Figure 126: n. contour plot for MRH1 (x10°cm™).  Figure 127: V, contour plot for MRH1 (V).

The only condition tested at 1.5 sccm corresportdeti0 A. As one can see from
Table 16, the anode voltage for this was close0td/4the maximum voltage output of
the high current power supply. For this reasomerus higher then 10 A, which required
larger output voltage at 1.5 sccm, were not possilbligure 126, Figure 127, and Figure
128 contain plasma property contour plots for MRtdhdition. In Figure 126, a dual

plasma jet/monotonic expansion mode was observEde peak plasma density was
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Figure 128: T.contour plot for MRH1 (eV).
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5x10cm®,

The plasma density contour is less interesting ttien potential and temperature
contours. For MRH1, we observed one of the deepedtwidest potential canyons
detected in our study. The walls of this canyomgusome 20 V from the cathode
centerline potential of about 9 V. The increaseadthvof this canyon was anticipated
from earlier studies showing how discharge curvadens the valley floor. The electron
temperature map is likewise very interesting. 8Sppadly, an increase of ~2 eV was
observed across the potential canyon walls ance tkeparate structures can be seen.
Directly under the monotonic density expansiongmgerature depression of 0.5 eV is
seen (as is common throughout this study). Thsession rises slightly axially through
the canyon following the plasma jet. The wallshef temperature canyon rise some 2 eV

and then fall slightly back to 4.5 eV in the sumding plasma.
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Figure 129: n. contour plot for MRH2 (x10° cm™) Figure 130: n contour plot for M RH3 (x10° cm™)
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Data were collected at 10, 15, and 20 A of disohangrrent for the 4.5 sccm flow
condition. Plasma density plots for all three saaee shown in Figure 129, Figure 130,
and Figure 131. Between the three we see theteffebe plasma jet diminishing, while
the effect of a monotonic expansion region seenmed®@ase as the discharge current is
increased. Peak densities for all three are inlale 10"cm™ range, with increasing
density-area products as the current is increafadential maps for all three conditions

were virtually unchanged and featured a canyon witlase potential of about 10 V and a
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Figure 131: n contour plot for MRH4 (x10° cm™).  Figure132: T, contour plot for MRH4 (eV).
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15 V potential rise across the canyon walls.
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Figure 133: n, contour plot for MRH7 (x10°cm®)  Figure 134: V, contour plot for MRH7 (V).

Electron temperature maps remained fairly consgantvell, all taking on a shape
similar to Figure 132. We see in Figure 132 ttethee density drops off rapidly in the
monotonic density expansion, the temperature fisesrsely. This is much like the
temperature canyon shown in Figure 128, althouglsdme reason this canyon now falls

back into the discharge plasma past the monotomiaresion.
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Figure 135: T.contour plot for MRH7 (eV).
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Finally, we come to the high discharge current ook for the 4.5 sccm case. A
combination of the first two high discharge currésgt structures was seen here. Maps
for the final condition, 4.5 sccm and 20 A, arewhadn Figure 133, Figure 134, and
Figure 135. Here we see a plasma jet density ekpanith a peak above fem?, as
was the case earlier at 3 sccm. A monotonic exparsection near the cathode was
again seen for this condition, although it was a®tprominent as previous, lower flow
test conditions. Again a potential valley is sdwme with somewhat smaller walls of
only 8 V. A slight rise in potential forming a pesula is observed as well that is
positioned under an electron temperature peaktsteishown Figure 135. This peak
structure is the strongest of its kind seen in shigly, possessing an electron temperature

increase of >2 eV. The azimuthal current calcdldee MRH7 is shown in Figure 136.
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Figure 136: Azimuthal Current Density for MRH7 (Jp = 20A, m = 4.5sccm).
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Here several counter-rotating Hall current struesuare observed. The Hall current
carried in several regions is shown on the figultels interesting to note that the center
counter-rotating region seems to exactly cancesutsounding counter part. The total
Hall current was calculated to be 6.57 A, or agghout 30% of the discharge current.

Table 17 presents a brief summary of the contaucttres described above.

Table 17: Contour plot shape comparison tabledathode in axial magnetic field with ring anode atd

high power.
Operating | Jgq Vg4 m Pressure ne Shape Te Shape V, Shape
Condition | (A) | (V) | (scem) | (x10°Torr)
MRH1 10 35.2 1.5 3.8 Plasma Jet Ridgeline Central
w/ Stnd. over V, Trench
Exp. Trench
MRH2 10 25.2 3 4.2 Plasma Jet Central Central
w/ Stnd. | Depression Trench
Exp.
MRH3 15 27.7 3 4.2 Standard Central Central
Expansion| Depression Trench
w/ Toroid
MRH4 20 29.8 3 4.2 Standard Central Central
Expansion| Depression Trench
w/ Jet w/ Toroid
MRH5 10 26.7 4.5 7.7 Plasma Jet Central Central
w/ Stnd. | Depression Trench
Exp.
MRH6 15 26.9 4.5 7.7 Plasma Jet Central Central
w/ Stnd. | Depression Trench
Exp. w/ Toroid
MRH7 20 28.0 45 7.7 Plasma Jet Toroid Central
Trench

5.9 FFT Analyss

As Goebel et #*have suggested, moderate frequency oscillatioptasma potential
(50 kHz to 500 kHz) observed at the edge of bailicstires, herein referred to as
plasmoid structures, may allow for the creatiorhigfh energy ions that could bombard
the cathode and keeper and other nearby surfdoeseveral instances we have observed

strong oscillations in probe current for groupsrafividual Langmuir traces. One such
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Figure 137: Periodic oscillation seen in Langmuir trace at conditionslisted.

trace is shown in Figure 137, where both the adactetardation region and the electron
saturation regions show oscillations occurringhe Langmuir probe current. Note that
the entire trace was obtained in about 0.25 ms.

A Fast Fourier Transform (FFT) was applied to thebp current signal to obtain the
frequency spectrum of the oscillations. This wagealfor data contained in the three
different particle collection regions of the Langmprobe trace (i.e., one in the ion
saturation region, one in the electron retardategion, and one in the electron saturation
region). Frequency spectrum results are shownguar€& 138. Although the spectrum is
noisy, several peaks appear between 40 and 120 Kdzre that frequency information
above 120 kHz is strongly attenuated by the lowsddter action of the current sense
circuit. Higher frequency content was observedthia electron retardation and ion

saturation regions, while lower frequency conteaswbserved in the electron saturation
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region. Throughout this study there were seveasés where oscillations were observed
in Langmuir traces at about 60 kHz, possibly cqoesling to the predator-prey mode
described in Ref. 23. Information at frequenciesslthan 10 kHz (due to the length of
typical data intervals) and greater than 120 kHee(tb the current sense circuitry) is not
available from existing data sets. Further workraguired to fully characterize the

frequency spectrum of the probe current signal.
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Figure 138: FFT analysisfor MRH7.
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5.10 Knee Analysis

A possible qualitative method to judge relative spi@ noise level is through
examination of the “knee” region of a Langmuir #8¢ The knee of a Langmuir trace is
defined as the region in which the transition friiva electron retardation to the electron
saturation occurs. As shown in Figure 139, thaagition can occur over a small or large
voltage range and the magnitude of the voltageaamgvhich this transition occurs can

be used as a measure for detecting regions wherplésma is relatively unstaft&®
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Figure 139: Kneeregion of two different Langmuir traces showing a small and large voltage range.

Comparing the two different Langmuir traces takenthee same operating condition
shown in Figure 139, we see that the one on théhéSf a large knee voltage, spanning
over about 12 V while the one on the right has alskmee, spanning only about 3V.

As explained in Section 3.1, electrons in an idBalcurve are assumed to be
Maxwellian, giving rise to the shape of both theablcurve seen in Figure 17 and most
traces taken during this study. Non-Maxwelliancelens, be it primaries or other non-
thermalized electrons, would tend to shift the ghapa Langmuir trace from ideal and

might aid in the formation of the differences trateape observed in Figure 139. To
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check for this effect, the Electron Energy Disttiba Functions (EEDFs) corresponding
to different knee shapes were constructed using Dheyvesteyn method®®%%"t

Druyvesteyn showed that an EEDF can be obtaineoh frangmuir probe traces by
taking the second derivative of electron currenthwespect to probe potential if the

velocity distribution is isotropic. This is showmEquation 5.5.

-2 |2 -V) d?l
f,(B) =2 |2t TV) .01
q Aprobe q dV

For V<V,:

55
Also, the second derivative can be determined nigalgr by*®:
A1 (V) _ LV +AV) +1,(V ~AV) -21,(V) o
dv? AV?
5.6

WhereAV is an incremental step in voltage during the lmang trace and is the

residual error defined by Equation 5.7.
- 2 (4) 4 (6) 6
2=——("AV +1PAV® +...)
AV

5.7
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Figure 140: EEDF plotsfor traces possessing a 2.3V and 9.6V knee.

As long asAV is kept small (in our case about 5 m\?),can be neglected. By
applying this technique, along with some smoothand data modifications, EEDF plots
for traces with different knee shapes were conttdic These plots are shownHkigure
140, normalized to peak distribution, for traces talgrthe Simple Cathode condition 3

(SC3) along the 0.75cm inward radial sweep. Theyespond to a knee span of 2.3 V
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Figure 141: Sample modified trace for the SC3 condition possessing a knee voltage of
2.3V.
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and 9.6 V respectively. Also, a sample modifiechd@mauir trace from the process is
shown in Figure 141, possessing the 2.3 V knegho#igh noisy, both plots in Figure
140 appear Maxwellian in nature, showing littlensigof non-thermalized electrons. This
was true for all traces constructed for the SC3dimnm. Also, through the use of a
simple analytical model containing both maxwelliand primary electrons as well as
background noise, it was shown that evidence adpeddent energy groups was difficult
to find unless the lesser of the two groups posskeas amplitude no less then ~1% of the
main group. This then became the minimum valushath separate energy groups can
be found, where values below this threshold arenawk and not believed to be a major
contributor in the total electron current. Througls and plots similar to the one shown
in Figure 140, it appears that the electron eneligiribution is most likely maxwellian
and not the driving mechanism in formation of difiet knee shapes seen in Figure 139
and elsewhere in the study.

During this study attempts were made to constri&IEs for the conditions presented
earlier (Sections 5.1 through 5.8). Unfortunategking the second derivative of the
electron current proved very difficult and was ondghieved through extensive

smoothing and data modification, making it impreakifor the full study.
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Figure 142: Knee contour plot for Condition # SC3.

The knee voltage spans of many Langmuir probe draeeorded for test condition
SC3 (6 A, 1.5 sccm) were measured and assembledaikhee contour map figure
142. Also shown are both the plasma density aaghph potential contours for this test

condition. Two distinct regions of peaked kneetagé are present in Figure 142. The
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Figure 143: n contour plot for MRH7 (x10°cm™).  Figure 144 V, contour plot for MRH7 (V).
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first is directly underneath the plasmoid evidenthe plasma density contour in Figure
143. Here the knee voltage is 14 V. The secord pe knee voltage (of magnitude of
17 V) is located directly over the potential valldgor (see Figure 143). Most knee
contour plots resembled Figure 142 and possesseks pever density and potential

structures, revealing possible plasma instabilityese points.

5.11 Discharge Characteristics

Of notable interest is the effect of the Langmuishe on the cathode discharge. To
minimize perturbation of the plasma from the pravel melting of the probe by the
plasma, the RAPID system employed (1) high speediomo (2) small probe
construction, and (3) probe segmentation. Thespsstlo not completely eliminate

plasma perturbation by the probe, however, and iakqoheck was performed to
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Figure 145:; Discharge fluctuauuns uue wo pruve sweep uirough cathode plume.
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determine if excessive probe-induced perturbatiwee occurring. To do this a system
was devised to monitor the anode voltage as thieeppassed through the cathode plume
at different axial locations and test conditions.

Figure 145 is a plot of the anode voltage versue fior three different axial locations
where radial sweeps were performed. The one showlue, is the effect on anode
voltage as the probe passes through the pluméaeagaaxial distance (3.25 cm). Only a
tiny rise in anode voltage was observed when tbbegstructure was directly in front of
the cathode. The green curve was obtained atahe perating condition with the
probe axis positioned at z= 0.25 cm. Here we daegar anode voltage rise as the probe
passes through the centerline of the cathode. Vdiiage increase is less than 10% of
the anode voltage. The last curve, shown in rexh &lso a close probe sweep (z= 0.25
cm), but at a higher flow rate. Here it is notkedttno change in mean anode voltage was
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Figure 146: FFT analysis of anode voltage, revealing three harmonics of the anode oscillation.
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observed, but rather a filter effect of some s@s$ loccurred. Without the probe, the
anode voltage is noted to display oscillations vétmagnitude of about 5% the steady
state value. During times when the probe structarén front of the cathode, the

magnitude of this oscillation drops to around 1%ieting the discharge voltage slightly.
Although the probe is observed to perturb the disgpd voltage, it is noted that the
perturbation only occurs after the probe has flgvast the cathode centerline, when
Langmuir probe data are still acquired, but areussd in constructing plasma property
maps. The anode voltage oscillation evident iuf@dl45 was determined to be at 5 kHz
from FFT analysis (see Figure 146). Several harcsoare also present in the anode
voltage signal. The 5-kHz oscillation was not olkiedrin FFT analysis of individua

probe traces due to the limited data interval mri@.e., most Langmuir probe traces
were obtained in about 0.25 ms, which correspoads minimum frequency bin of ~10

kHz).
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CHAPTER 6: CONCLUSIONS

Plasma density, plasma potential, and electron ¢eatyre measurements were made
in the near field of a hollow cathode using a fadtiating Langmuir probe system
(RAPID). Contour plots of these properties dispéayvide variety of behavior as the
hollow cathode operating condition and configunativere changed. Specifically,
evidence of plasmoids (localized dense plasma meyiavere observed at several
operating conditions. For most operating condgjdmowever, point-source-like plasma
density expansion was observed from the hollow atih corresponding to V-shaped
valleys in plasma potential leading away from théhode. This was not the case with
the inclusion of an axial magnetic field, wherelasma potential trench was observed
along the cathode axis along with a collimated mpkaget density expansion structure.
Electron temperature contours often displayed similends to those of the potential
contours. Macroscopic trends include: (1) Plasmasidy increased everywhere when
flow rate and/or discharge current was increas®dWhen plasmoid or large plasma jet
structures were seen, peak densities within suakctates were lower then that of
monotonic expansion structures. However, the divaraa of plasmoid structures was
noticeably larger then that of monotonic expansi@es the random thermal current on a
convex surface of constant density is constantagmioximately equal to the discharge
current when no applied magnetic field was pres€B})With an applied magnetic field,
azimuthal current structures were often observdtbviing potential gradients. (4)
Electron temperature was seen to increase withpthsence of a plasmoidial density

expansion structure. (4) Plasma potential is highlynction of density structure, while it
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is only mildly dependent on flow rate and curremt most cases. (5) Plasma potential
drops where density increases. (6) Potential ampeeature profiles often formed V-

shaped valleys where no applied magnetic field prasent and trench structures when
an axial magnetic field was applied. (7) Electremperature seems to be a function of
both potential and density structures, decreasingesvhat with high density and more so
with low potential. (8) Lastly, electron tempena&uincreased slightly as discharge
current increased, but was largely in-sensitivldw rate variations used in this study.

Along with the above macroscopic trends, many Keseovations were made specific to

operation condition and cathode complexity. Thasservations are summarized below.

6.1 Simple Cathode Plasma Parameters

To start we provide a baseline summary of our ssiptase, the cathode without a
keeper or magnetic field (SC case). This will Is=ful for comparisons as cathode
complexity is increased. It was noticed during 8t study that as the discharge current
was increased a transition occurred from a monotdensity expansion to a plasmoidial
one and finally to a full plume expansion. Thisidae explained by the requirements
placed on the plasma to conduct more and morerduwehe anode. At low current, the
plasma created inside the cathode orifice and ¢to#ee cathode is sufficient to carry the
current being demanded. As the power requirenterttse anode are increased (i.e., the
discharge current is increased), this is no lotiger and additional ionization must occur
to achieve adequate conductivity. This extendgmhesion is small at first, the plasmoid,
but expands rapidly into a full-plume mode as aurrgequirements increase.
Interestingly, when plasmoid density expansionseveeren, overall peak plasma densities

dropped, but the area corresponding to a partiquisma density contour increased.
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Full plume mode occurred only at the lowest flowlesaand at the highest current
condition (i.e., 8 A). Discharge voltages at |dewf rates increase rapidly with current
and at a certain point no further current can bBecied, indicating a possible conduction
limit at that condition.

As is the common case throughout this study, withtbe inclusion of an applied
magnetic field, potential contours often formedhé&ged depressions leading away from
the cathode. Likewise, electron temperature costavere observed to follow the
potential contours, but were more uniform, typigakkmaining within 2 to 2.5 eV. In
most instances, electron temperature was at or aeainimum in regions of dense
plasma near the cathode orifice.

Near Plate Anodevs. Distant Ring Anode

With the addition of the plate anode, density esp@ms were observed to move
toward the cathode. A double layer was also seaoine cases positioned parallel to the
near plate anode between the anode and the plémmédid created downstream of the
cathode. This feature suggests that an anode alesuid be forming downstream of the
anode layer. Its possible that similar anode $isefarmed on the distant ring anode, but
these regions were far outside of the measurenwtd af the RAPID system. Plasma
density maximums were not affected greatly by theda sheath, nor was electron
temperature. Lastly, inclusion of the near platede qualitatively increased the stability
of the plasma, as is evident by higher definitiord amoother potential and density

contours and nearly noise-free I-V curves.

6.2 Enclosed Keeper Effects
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With the inclusion of an enclosed keeper, sevehainges in the plasma flow field
were observed. Two things that were not noticechemnge, however, were the discharge
voltage and the types of plasma potential strusttlrat formed.

Small Keeper Case (Diameter = 2.7mm)

During the small keeper diameter study all densfpansion structures were
plasmoidial in structure. This is believed to beesault of restricted gas flow from the
cathode caused by the small keeper orifice (wheéshilts in a less diffuse jet of neutrals
along the cathode-keeper centerline), and by plasmeambination on the keeper
structure (which can reduce plasma conductivity famde the formation of a plasmoid
region to enhance ion production rates). As isdbemon case, all plasma potential
structures were observed to be V-shaped. The hélyever, was a good deal more
defined compared to measurements made without @nsed keeper, again presumably
resulting from flow enhancement along the cathoelepler centerline. It was also noted
that at lower flow rates a slight double layer wasserved near the anode. This
disappeared (or moved out of our measurement reigiward the anode) as flow was
increased.

Electron temperature increased slightly on averfagethe small keeper condition,
increasing to ~2.5 eV. The increase in electronperature corresponded to both the
appearance of plasmoid structures and a corresppraécrease in peak density. As
plasmoids are believed to form to help conduct ¢beent being demanded of the
cathode, it is interesting to note that when pladsioccur electron temperatures increase
slightly, and higher electron temperatures willutegn higher ion production rates under

a given neutral density flow field condition.

151



Medium Keeper Case (Diameter = 3.8mm)
For this configuration almost all expansion struesuwere observed to be monotonic.

The keeper orifice was no longer restricting cathfidw as much. As a result, the V-
shaped potential contours extended closer to tteoda orifice, following the densest
plasma regions. It is noted that the gradientdhiwithe potential V structure were
stronger than the SC and SCP cases, but not asgsé® the small keeper orifice
configuration condition.

A slight drop in electron temperature on averags whaserved as the keeper orifice
was expanded (from 2.5eV to 2.2 eV). This is elgré@s the plasma and neutral flow
fields are more similar to the simple cathode apnfation. Also, at this point in our
study no full plume modes were observed. Thatoista say that this mode was not
possible to achieve, but rather the current redquice cause a transition may just be
greater then those studied (i.e., greater than 8 A)

NSTAR Keeper Case (Diameter = 4.75mm)

Monotonic density expansion structures were obskefee the large keeper orifice
configuration. For both the MK and LK configurat®y peak plasma densities on a
whole increased slightly.

The large keeper orifice resulted in plasma poariti” expansions that formed a
tighter valley leading away from the cathode. tdidon, the base of the potential
structures no longer decreased beyond a fixedrndistttom the cathode. In fact, in some
cases it actually increased and a bowl (or depeysias formed, as was seen with the

inclusion of an axial magnetic field in this studyd by several other investigatioh&"™

36
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A slight anode double layer was observed at low ftates, showing evidence of an
anode plasma formation. The anode layer dis-apdelaom our measurement zone as
before when flow or discharge power was increasd@dhe electron temperature was
relatively uniform throughout our measurement raga ~2.2 eV similar to the SC and

SCP configurations.

6.3 Magnetic Field Effects

At this point the NSTAR keeper equipped cathode \pksed within an axial
magnetic field similar to that of the NSTAR disciarchamber. Three different anode
setups were tested with the presence of the magheli, both the earlier near plate
anode and a near ring anode. These tests wemvédl by ones conducted at high
discharge currents with the near ring anode cordigon.  With the inclusion of the
magnetic field, the centerline plasma potentialre@sed closer to the cathode. This was
unlike most previous cases where the potential @iiger constant or increasing as
cathode was approached. Also, discharge voltageseased dramatically. The
discharge voltage dropped as a result of the emldanonductivity of the plasma flow
field caused by the confinement of electrons in agnetic field and the subsequent
increase in the volumetric ion production rate.
Near Plate Anodew/ Axial Magnetic Field

A new density expansion structure occurred withittedusion of an axial magnetic
field where the plasma was found to expand in & ‘fdéshion, somewhat similar to a
plasmoid that has been stretched out from the dathtong the cathode centerline. This

3, 6, 33,61

feature has also been observed in several prewtudes Plasma potential

structures have also changed from the previousbemied V-shape to a deep, axially
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oriented trench that follows the plasma jet. Thkakppotential outside of the trench was
much higher compared to the ridge regions of th&hsped valleys observed in all other
test conditions without a magnetic field. The plaspotential along the trench was often
higher than the discharge potential by a few vaddtsggesting that a potential drop
occurred near the anode to reduce the electrorermuto the value being demanded, as
has been reported elsewhéreThe walls of the potential trench represent i wrong
double layerAV/T. ~ 5), with a voltage increasA\() of nearly 15 V in some cases. A
correspondingly large increase in electron tempegatvas seen on and nearby the trench
walls (from 2 eV to 4 eV). At the base of the tlerand in the surrounding plasma,
electron temperatures were near 2 eV, which waslagirto temperatures measured
without magnetic fields. The electron heating amdj electron confinement by the
magnetic field could lead to an increase in thatioa of energetic and multiply charged
ions off the cathode centerline as observed by 6&b and JPL research grodps™

Peak plasma densities within the plasma jet regiesr the cathode were about and
order of magnitude greater than other conditionasueed without a magnetic field.
Near Ring with Axial Magnetic Field

With a near ring anode configuration, the plasmafiem above displays a small
region of monotonic (point-source like) plasma exgpan near the cathode. This is more
apparent as current and flow rate were increasddo, a less defined potential trench
develops. This occurs because electrons must riffwsel across the magnetic field to
reach the anode. In general, plasma density waeredd to be slightly lower

everywhere compared to when a flat plate anodesesl (ji.e., the plasma became more
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spread out). Lastly higher discharge voltages wegeired to pull current through the
axial magnetic field to the anode.
Near Ring Anode at High Power

A higher current power supply was used to contitesting of the near ring anode
configuration. With this power supply, currentsto @0 A were tested. It was noted that
density expansions flipped from plasma jets witmsoevidence of a monotonic
expansion near the cathode to a much more prondunoeotonic expansion with some
evidence of a plasma jet. With this change, thensgt potential trench structure of the
flat plate anode reappeared. Electron temperalse increased everywhere to just
under 3 eV and temperature ridgelines seen eadietiensed into single peak structures
some distance downstream of the cathode and off ekithe cathode. In three
dimensions one could imagine that a toroid strechaloing the cathode was formed.
This could again lead to an increase in multiplsrged and energetic ions that have been
observed to form off axis of high current hollowtlaades operated in strong magnetic

fields.

6.4 Plasma Oscillations

Previous studi€s® have suggested that strong oscillations occuroiiow cathode
discharges in both the load presented to the digehgower supply and in the plasma
flow field properties. In the current study, indival Langmuir probe traces display
periodic fluctuations in the probe current as acfiom of time and applied voltage. No
precise frequency of oscillation was determined, rather a wide range of oscillations

was noted from ~10 kHz to ~120 kHz. At the macopsc level (power supply load) a
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definite 5 kHz discharge oscillation was obsengjgesting that a predator-prey type of
driving mechanism is at play as described by Gd&beh the current study, contour
plots were constructed of the qualitative noiseelgusing measurements of the knee
voltage) and two regions of high noise intensityravéound to occur on the cathode
centerline, one near the cathode and one furthay awthe bowl region of the plasma
potential structure. It is suggested that futuesearch be performed to correlate
oscillations to plasma flow field structure andttesnfiguration. The goal being to find
optimal conditions and device configurations whamed the formation of multiply

charged and energetic ions is minimized.

6.5 Final Statements

The mapping of discharge structure for various dempathode configurations in the
current work agrees with other researchers worl, these measurements along with
ones of simpler test configurations will play anpwmrtant role in validating models of
hollow cathode discharges that are currently armh 20 be available. While the exact
cause of cathode erosion has not been pin-poiittegpears that a stationary potential
hill structure is not formed in the test configimas and conditions studied herein.
However, that doesn’t eliminate the possibilityté presence of an oscillating (in both
position and plasma potential) hill, which wouldp&in oscillations observed in some
individual Langmuir probe traces, as well as theettgoment of significant “knee”
regions of Langmuir probe traces taken at highassiies and within regions of strong
potential gradients. Evidence of strong doubletay\V/Te ~15 V/3 eV ~5) and plasma
structures that may assist in the creation of egtergmulti-charged particle flow back to

the cathode has been uncovered. Also the conditainwhich specific discharge
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structures occur has been tabulated, enablinggfutiark to both study each condition
specifically and avoid those that may prove harndutathode/thruster operation. The
discharge plasma property maps provided hereinatsybe of use in erosion models as
measured inputs for various conditions. Understanthe discharge effects caused by
cathode/keeper components were also presented aydassist in the design and

improvement of future cathodes.
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APPENDIX A

Simple Cathode (SC091405)

Dperating  [(A) [a(V) h (scom) [essure (x10°

Condition Torr)
SC1 2 B74 15 3.5
SC2 4  48.7 15 3.5
SC3 6 [b6.7 1.5 3.5
SC4 8 6.4 1.5 3.5
SC5 2 (364 3 6.4
SC6 4 421 3 6.5
SC7 6 [p2.c 3 6.5
SC8 8 p9.:C 3 6.6
SC9 2 35t 4.5 8.6
SC10 4 421 4.5 8.6
SC11 6 [B3.4 4.5 8.6
SC12 8 p76 4.5 8.6
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Simple Cathode with Near Plate Anode (SCP 100505)

Dperating | (A) [a(V) h (scom) [essure(x10°
Condition Torr)
SCP1 2 3B4.C 1.5 3.5
SCP2 4 U1 1.5 3.5
SCP3 6 |49.7 1.5 3.5
NA 8 75.€ 1.5 3.5
SCP4 2 PB11 3 5.9
SCP5 4 40.t 3 5.9
SCP6 6 44a.c 3 5.9
SCP7 8 B5.1 3 5.9
SCP8 2 B2z 4.5 8.0
SCP9 4 34.C 4.5 8.0
NA 6 44.1 4.5 8.0
NA 8 56.7 4.5 8.0
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Small Orifice Keeper (SK 101805, 102405)

Dperating | (A) [a(V) n (sccm) Fessure (x10°
Condition Torr)
NA 2 36.F 15 3.8
SK1 4 Q1= 15 3.8
40.4 3.4
NA 6 [78.C 15 3.8
NA 2 P29t 3 5.6
SK2 4 B7.t 3 5.6
40.1 5.6
SK3 6 U47.C 3 5.6
SK4 8 p6.C 3 5.6
SK5 2 32 4.5 8.0
SK6 4 R95 4.5 8.0
SK7 6 W7t 4.5 8.0
SK8 8 [Bb5.7 4.5 8.0
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Medium Orifice Keeper (MK 101805, 102405)

Dperating | (A) [a(V) h (scom) [essure(x10°

Condition Torr)
MK1 2 36.7 15 4.2
MK2 4 42.4 15 4.2
MK3 6 50.2 15 4.2
MK4 8 56.€ 15 4.2
MK5 2 34.1 3 5.9
MK6 4 41.€ 3 5.9
MK7 6 16.2 3 5.9
MK8 8 53.€ 3 5.9
MK9 2 33.€ 4.5 7.3
MK10 4 B2t 4.5 7.3
MK11 6 43.7 4.5 7.3
MK12 8 52.7 4.5 7.3
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NSTAR Orifice Kegper (LK 121305)

Dperating | (A) [a(V) h (scom) [essure(x10°

Condition Torr)
LK1 2 36.4 1.5 3.4
LK2 4 42.3 1.5 3.4
LK3 6 51.1 15 3.4
LK4 8 57.C 15 3.4
LK5 2 34.€ 3 5.2
LK6 4 42z 3 5.2
LK7 6 45.7 3 5.2
LK8 8 54.5 3 5.2
LK9 2 34.5 4.5 6.6
LK10 4 34t 4.5 6.6
LK11 6 445 4.5 6.6
LK12 8 53.5 4.5 6.6
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Cathode in Magnetic Field with Plate Anode (M P 012706)

Dperating | (A) [a(V) h (scom) [essure(x10°

Condition Torr)
MP1 2 [P6€ | 15 42
MP2 4 25.¢ 15 4.2
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Cathodein Magnetic Field with Ring Anode (M P 013106)

Dperating | (A) [a(V) h (scom) [essure(x10°

Condition Torr)
MR1 2 B4t 15 4.2
MR2 4 [32.€ 15 4.2
MR3 6 [B1.7 15 4.2
MR4 8 [25.€ 15 4.2
MR5 2 [B21 3 6.6
MR6 4 29.C 3 6.6
MR7 6 [28.C 3 6.6
MR8 8 [25.€ 3 6.6
MR9 2 30.C 4.5 9.1
MR10 4 26.F 4.5 9.1
MR11 6 [26.¢ 4.5 9.1
MR12 8 25.C 4.5 9.1

192



(A9 ZUW
# wotpuo’y 2oy pod mojuos ampersdurs wagaary
() vomso g P oy
g [i-4

(A9 THI
{ womTpHo ) xoj popd mepwos armgeradursy wansaqy
(ugh vom Fod |EITY

(W) W
# wonrpuo’y xoj popd mogmos peuugod vmsery
() vom R0 B
05T [4]i 4 s ' __-m.ﬂ..

?
w

E

8
=
() sopsng (BpEY

(A) THI
£ wenrpue ) xoj popd mopuwen repuaed eurserg
(s vomaod I8 0w
.

(M0 (1Y) THI # MODIPHO)
xof popd mogeroes Qrsusp Jo quinu wonoay
(i o 0 g 1By
0¥ E 5574 ane i i nmP

88,

=]
[

ma
ome

BEEEE

gRed

(g3 (1Y) [HI #MoTTpUO)
xog popd amopwos Grsuap IR Hana[g

R Vo F0g IEIEY
0gZ  OFh XL 0¥0

193



(A9 yaIN
# wonrpue) 1oy 1ojd mopwos amyeradura) woanoaapy
(3 vom s NEY

e o' DFE OFl o | 050
. o et Gl z-

s

(A% £UR
¢ wonTpuwoe) aof popd anops oo amyesaduray wonsagy
o nom 09 (E50Y

e Bl = B N I R e B Bl = |

(A) KA (g2 GO1X) VI # LORIPHE)
# wonpue)y a0y popd mopw oo peouaged eurse)g aog popd Jmopuos ATSUAP T8 UINK WoTIAT
(s Noumod 180y () vomrod 1B

oF e 1 10 q.. N S I 35 0

g JHTX) CHIN # MoIpu o)
& woptpuosy aof Lojd moproes euuaged enseg 0§ popd amouos Qisuap Iaquin wegaafy
il o o g (BT (e v o g 1B

ooz i og. OFC 052 OO0 058 DOl 05D

(il [ BT 1 IR

194



A

(A9 9dIT u o oyd noyuos od euse; (g2 g01X) SN # oPPU)
wenTpue ) Jof 1 opd mopuweds amyetadura wonoagy GUIA # HORIPHOD .uu_mh .mﬂ!;_nﬁ L d agg popd mopEod rsuep TN Won e
{ud vomrog |B T . . o - (e woaurod IR0y

ooe 05t  E'E 051 e 050 E_m

gl soaE o e

T OCF rE TE U v

A (02 (OTX) SHW # HOTIPHO)
wegrpua’) dof pojd mojpuw oo amgesadwy wonoay Sy # wonTpuoy 1of popd mojwes epuaed wwsepg xaj yopd amopuad Hrsuap Jaquny ¥andag
fusd usppEeg BT fumh usypEe g £ S et a6 S

ag i . DoE X ooz Ok ooe oEa

195



(A9 S
ompuey oy jopd Tnojues amyeradu g womaay
(uh vauaod g
me  05E mE i

(AS) LW

rogpuey Joy popd mojuos armeradury wanoaayg

i 1o 204 |20

g
q

(40 uoss iy EHER

oy

BAAHNsR2BR=RY

mo

# wogrpuo ) 1oy 1ojd mopwos eguaged ewrsery
o vog od T

SUW # wonpuo) 20§ yopd mopwed penuaged wmisery

{(urdl vom s d | B pEY

() uossE ey Eiped

.m“.lu n.:._nw SHA # wonIpRa]
a0f popd anepH o GISUap 19 qUINK o0
i wop90d BT

ooe o¥Z OO 051 oI o0 oo

e 1Y) LAWY # uenpue)
xag popd anopwes Orsusp IaquIMK Haga)y
(e v g R
ooz ;

o
muﬂﬂm
i
####ﬁ.m

(wd vow so g | B pEY

L T

196



(03 HTX) DTHIY # MORIPUO])

(A 9) pram “Adoram 105 popd nepies fysusp 19 quinu wonsapy
omprpuo ) 2oy popd Mmojiwes amyesaduay wonoafy # uonTpuo?) xoy yopd mopwes penuaged vurserg i oo g tExy

i Aomeod 09 oy (@ voeod fB oy OFC  O5% OOZ 051 [T os0 oo
e
By & . & '

(A9) 61 (W2 (OTX) GUIN # MOWTPHO])
g rpue’y xoypopd mojmoes armeradura woanoery # wonTpuo’y Tof jopd mojeod penuaged vuiseyy xof popd moguos Arsuap TeguIna wonaiey
(102} LUSOG HEXS (mdl vy s04 BT OoE  O5E  OFE  OFL  OFL 050
DOz D5 1

197



(A9 zram
enrpue:) 1of jopd mnojpcos ammyesadu ap woroapy

8D 0 g (e

(=) tomsog BRey

(A9 TN
ronpue’)y Joj popd mopuos armpesaduia wanosaqy
T v 1B
00 3 W

AT
# wonyrpue ) oy popd mopwes renuaed eurseyg

CRn) defised Ry

05,

A) TTEl
# wontpuoy doyopd.mopnod penuaed eusely
s o R0 d BT

(k) woE e EIPTY

AEEREE

(1am) WO JEIPEs

(M0 1Y) ZEYI # wonIpue])
0§ popd onope o AJTSUp T2 QUINE HOILIa]

EuD) o iEed E0

885,

jaiid
i
Jalina s
jalia=s
falii ]
O
Julici
ons
ik
s

oaL

«
e 10pd

oFZ

aFk

oFEQ

= rye

hogsog B pey

HED Emuw ITHI # HonrpHo]
RO AJISUEp TaqRInM Wandafy
(od W rod By

L )

(e

Pu e AT | .

198



Cathodein Magnetic Field with Ring Anode at High Power (M PH 021506)

Dperating | (A) [a(V) h (scom) [essure(x10°

Condition Torr)
MRH1 10 [35.Z 15 3.8
MRH2 10 [25.2 3 4.2
MRH3 15 [27.7 3 4.2
MRH4 20  [29.t 3 4.2
MRH5 10 [26.7 4.5 7.7
MRH6 15 26.€ 4.5 7.7
MRH7 20 [28.C 4.5 7.7
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