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LOW-FREQUENCY WAVES,_STABILIZATION, AND ENHANCED. TRANSPORT
IN»THE PLASMA SURROUNDING A»HOtLOW QATHODE DISCHARGE
‘ George MacGregor Wheeler
Lawrence ' Berkeley Laboratory
University of California
Berkeley{ California
January 6, 1972

i

ABSTRACT

Low-frequency waves, particle trénsport, and-stabilization are
studiediin the . secondary plasma.of a hollow gatﬁodé arc discharge.
Plaéma is tfansported aéross éhd aléng'an axial magnetic field.of
B = SSC to 1160 gauss by diffuéion in.a ﬁartially ionized plasma, by
mobility in the radial electric fieid, and by:wave’enhancéd convection.
Thé:latter is often the daminant transport mechanism,_ahd is certainly
the least uhderstood, | |

The résultiﬁg radial profile'paramefefs are fﬁnctions éf the arc
operatiﬁg.conditiéns, the transport méchénisms; and 1he boundary‘

5 =5

conditions. The ion density falls from FlOl--cm neér the central
arc column to «1010 c-m—3 neaf the wall of the 20 cm diameter diffusion
chamber. The electron tgmperature falls ffom 45 eV near thé arc
column fomO.B eV near ﬁhevwall. Neutral:gas pressure~is varied
_between_pt = Ofé and 5.0 mtorr ofvaréon or helium.

| The axia1Jboundaries:ébnsist of.fin concentriq'enderihg electrodes
at both ends of the éysfemf ,indépeﬁdent biaéing éllows some.controi.
ovef the axiai and radial boundary conditioﬁs.- The inner two end- |

‘rings are -quartered, providing information on azimuthal symmetry and



—vidie .

wave pfopagatioﬁ.j’Tﬁe‘endJringé also servé,aé'Suitable suppresébr
electrodes fbr fhrée wéve;stabiiization féchhiqges}

' Langmuir'pr6b¢s éfe ﬁsed to meaSufé;plésma and;Wave'prOfilés.
A directional Langmuir probe (DLP) is ﬁsed.to_meésure azimuthal and
axial streaming directly. Six experimehtai cheéks'ére'made on the
: functidning of the DLP 'aé a simple probe, and.as &-.tool to determine.
stfeamiﬁg velocitieé difeétl&.flin.partiéular5'thé:strééming veldéify
was determinéd by meésufing”directiénéi‘iOn éﬁr%énts in'a'microwave'
plésma ééviéez.ﬁith a‘kn0wn13£rééﬁing Véiocify. »Thé streamiﬁg.
veloéipy‘w;s determined indépeﬁdentiyvﬁ& measﬁgané»the differenée in
the propagati;ntspeeds of ébuﬁd’waves,.launchedvin the upstréam éﬁd:
downétreaﬁ-diréétions. fGéod'agreement bétweéﬁ-ﬁhe fﬁo'methods.is

obtained.

'Thé‘preseﬁt'wofk adds new infofmatidn'regardihg'plasma”stability_

'based oni§imultaneou$ considefétiéh‘of.mos% of the effeétSnccnéideredl
importaht’in.dn HCD. -"Drift wave":théoxy';éems inaﬁpropriate for
eXpérimehtdi’flute insfabilities;' Ahd E x B'néutrél.dfag thebry
seems ingoﬁpletebin nét inélﬁding,diamagnetiéfapd_cgntrifugal graviﬁy

drifts. ' - o o i

We -develop 4 single-fluid instability theory, which includes the

~

;effeéts-of:density grégiept; centrifugal énd,Coriglié forcesvdueato |
piasma.rotation in/é rgdiéifélectric %ield, cdl;isibhs'with cold
neutnﬂs;vflﬁia'cémﬁreésibility, finite gyforadius,Iioﬁ inertia, and
an ién'sink term.>‘A éimple quadratiq diséer;idn reléfioniresults_
for.low{fréquency«(w/gi‘<< l)jwaves.‘.The splution»explginé the‘ |

behavior of two low-freguency experiment51 flute instabilities,on

o
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five poin+v of comparison: (1) spatial locatnon, (2) frequency, :
(3) direction of propagatlon,_(u) parallel wavelength and (5) growth -
rate,' 7/9 5 where W ; Q o+ iy.

The lower frequency experlmental wave (LF » é.kahz) is localized
~at large rad11 in the reglon‘of large p051t1vebradial electric field,
'and'nropagates in'the ion—diamagnetic direction. -The higher-frequency-
wave (HF 30 kHz) is locallzed at. small rad11 in the reglon of
large negative electric,field and density gradient,'and propagates
in the electron—dlanagnetic direcfion. |

Enhanced conwectionvdue to lowfﬁrequency,’coherent»oscillations
is ekpresSed in terms of the correlAtionnkbetween'the density and _‘
potential fluctuations, which'in'the case'of'ahsingle coherent mode
can-be_writtenvaa, <nlv1r)conv = (k qic/EB) sin ¥, where ¥ is the
phase between the density and potentlal fluctuatlons. By infermlng
an enhanced dlffusion:coefficient,.;Denh§7n ] (nl lr> v’ whlch"
is used in a -simple diffusion theory; we calculate semi-quantitatively-
a radial denSity”shape‘which agrees well wlth the measured prorile;‘
Enhanced,diffusion at larée radii ls_several orders of maénitude larger
than classical dlffu51on, and is comparable in magnltude to Bohm
dlfoSlOn | |

Three wave- stablllzatlon techniqueskare attempted which effectively»
stablllze the lower frequency (LF ® 2. .0 kHz) wave. A linear feed- |
“back loop is used to phase-shift and amplify a reference'wave signal,
which'is sensed on a Langmuir.probe. The resultlng feedback 81gnal |

lls returned to. the plasma on ‘one quarter of the second axial end-

ring, which is used as:a suppressor'electrode; ,Wave amplitude'isr~'



obserVed to decrease withfincreasing-negative feedback povwer until
an optinundis reaéhed,detn feedback pover of ~0.5 watt required to
decrease the wave amplitnde:by,an erder_of magnitude. The'effecn
of linear,feedbabk‘on-the theoretical'growfh ratedis expiainedvby means
of:anveffectiVe‘ion;sinklterm in the equation of continuity. |
i'Neweinformation'is alse ebtained {n the present experiment byn
einvestigafing wave sfabiliaation_and:wave.enhanced transpcrt:by“
eontreiiiné the axiailboundariesf'_when Various end-r1ngs are floated
electfieally, of poSitively_Dvaiased,»the.fadiaidelectficvfield at
Vlarge rad11 (RS 3. cm) can.be redneed or el@ﬁdnated. The wave at
‘large rad11, Wthh is drlven by the radlal electrlc field vis

stablllzed in this manner by "DC stablllzation5'

with powervlevels
~l.OvWatf. When,the wavé is stabilizedf(ﬁ'é_ 0.01 ),'#here is
negiigibleeenhaneed:conVecfion. The.denSit& prefiie steepens'at
large radll, in agreement with our calculatlons based on 51mple
»dlffu51on theory Dens1ty increases at small radll are dlfflcult |
to'determinedexperimentally, due toxlarge dénsity gradlentsuv‘By
floatinéieernain end—rings,vthe radial electficdfield.can bevreduced.

or eldminated, and the LF wave can be stabilized, nith_nb'external

: pewer required; ’_:
| An "AC stablllzatlon" teehnlqne is attempted to see AP wave |
amplltude reductlon, and raduced transverse partlcle transport,..
:could be attained at lower power levels AC_stablllzatlon‘means,the.
appllcatlon of . a rectangular pmlse s;gnalvtn tne BuppfeSsbfvelectnode;:
wnere the pulse frequencyj duny_ratio,'and power ean be naried‘ " We

find_that similar power leVels are required as fOr'DC,stabiiization.

o

A T



g

'Two”expefimental téchniques éré investigated wﬁich meaéure the
instability gfowth‘raté directly. The first.methcd employs linear
feedback aﬁ a giyen azimutﬁalbposition. .By monitoring the wavé
amplitude as a‘function of azimuthal posifibn aﬁtef feedback, the -
growth or decay'rafe can be méaSured directly. .The second metho§ .
in&olves measuringtbegﬁwegmmﬁnqr.decay rate as avfgnction of time
after a stabilizing voltage 1is turngd fo or on, reSpectively.
Agreement betﬁeen»theory ahd‘experiment_suggest cdnsiaeration.of both

techniques for future diagnostics.
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- If xINTRQDﬁCTION

Plasma transport across ano along magnetie.fields is a subject
" under intensive'study, ﬁotivated in lafge rart by the requirements
-of controlled'thermonuclear fusion,researeh. o "Classical" trans;
port rates have beeh caleulated for most magneticvfieid geometries,
but are rarely'observed. _The‘eubject of "enhanced" or "anomalous”
transport, caused by plesma‘Waves, isAofteo discussed‘regarding piasma»r'
confinement,vand is reporteq in ﬁost plasma>devicesQ "Enhanced traﬁs—v
>port” includes several explanations and models, but is stili not
clearly understood. In some cases, the ﬁheory is'uneetiSfactory;
aﬁd in othefe, informationvon the plasma end/or fluctuation parameters
ie.insufficient.

Information.about.waﬁes and>ehhaoced transport can be obtaioed'
frmnfseveral experimental rlasma devicee;" For exemﬁle, severel |
authorsvhave'studied the soatial:dependence of the flasma surrounding
the hollow cathode'discharge,'ﬁCD, as a‘function of measurable plasma
and wave parameters;' Some of these havé found agreement with some
' 1,2

form of classical theory. Others'reportvanomalous'or enhanced

transport as much as two orders of magnitude larger than predicted

_classically.5’9

Previous wofk on.underetanding traﬁsport in_HCD's

is discussed in Sect@on II. A. The present work is a theoretical aﬁd

experimental stﬁay of'coherent low4frequehcy instabilities, particle

transport,‘and'wave stabilizatiOﬁ-in the‘éecoﬁdary'plasma surroundingi

an HCD;'. |
The pfimary arc dischefgevis tfeated as a magnetically'ahd

mechanically collimated line plasma source, on the axis of a 20-cm

]

diameter diffusion chamber. The plasma is transported across and along
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an.axial magnetie field of‘B= 580 to ll6O gauss to form the partially

ionized plasma studled in thls experlment.

The arc runs 1nto a dlfferentially pumped diffusion region. - Dif-

fusion region neutral pressure .is: varied from 0.2 to 3 microns argon

15 .>-5.. .

or helium. Typical particle densities fall‘from ~10 cm-“in the

central are'column to QlOlQ cme-ne

ar the walls‘of the 20-cm

diameter'diffusion'region.-‘The axial density profile is nearly

"cosinusoidal; Electron temperatnre ranges-frOm 5 erin thepcentral

column to ~0.3 eV near'therwalls{

The diffusionvregion is 58.2 em

.long‘andzterminates on end plates consisting of five concentric.

7-conducting rings, allowing some control over axial and radial boundary

s

conditions. The inner two end—rings

'are’quartered to provide infor-

matlon regardlng a21muthal symmetry and a21muthal wave propagatlon.

Al rlngs, the dlffu51on reglon tank

blasable.

and the anode are 1ndependently

Profile measurements of'the-saturated]ion‘current, floating =

potential and electron,temperature'are made radially"along five dif-

ferent az1muths, as well as ax1ally,

u51ng Langmuir probes."A '

dlrectlonal Langmulr probe (DLP) 1s also employed to measure the 7

\

a21muthal and axial streamlng dlrectly, as well as to prov1de an

1ndependent check on the radlal electrlc fleld

6 ;7,10

Dens1ty and

'potentlal fluctuatlons are determlned from=probe Signals using a phase-

sensitive d1fferent1al ampllfler and

a Tektronlx spectrum analyzer°

Typlcal experlmental plasma parameters are presented in Sectlon VI. A.

-_An expresslon for enhaneedvconveCtlon_ls.easlly obtalned for theda'

“case of coherent low-frequency wavés.

" Thé timeaaVéraged;expreSSionuﬁor



LT '
enhanced convection can be written (nv >conv_ -l:I.ﬁ(t)vr(t)dt . In
: J-1

the absence of zero-order drifts, enhanced convection can be expressed

as {(nv_) /2) cos A, where A is the phase between the

r ' conv ( l l

density, n; and«ve1001ty, v fluctuatlons. The radlal velocity

ir’

fluctuation, vy is not readily measurable. However, if we -assume
) . . . !

that v, is due to an azimuthal electrostatic electric field,

then we have the.expressionll’lgﬂ

{av ) . ki ®C sin
2B
The density,' n,, end ‘potenti'al, tpl, fluetuations,_separated by the.
phase, ¥ , can be readily measured and we have a useful expres31on
with whieh to estimate the magnitude of enhanced convection.

.Several low—frequency_instabilities have been‘rePOrted in pre-
vious enneriments.on ﬁCD's. ‘A survey and‘discussion of low-frequency
instabilities which might.oeeur in an HCD is presented in Chapter IV.
Two coherent low—frequency oseillations are obsenved'in the_present
experiment.d |

A large ‘nbnambipolar'radial electfic‘field‘exjsts._ The elec-
'vtrie field is:large and negativedfofdsmall‘radii nearefhe central arc

celumn, and large and.pdeitive‘at'large:radii, eausing plasma rotation
in the_electron— and,ion-diamagnetic directions; respectiVely; Two

4

© experimental low-frequency instabilities are observed as density and



.—,u-'—.
potential osCillations’in regions_of’large1radial electric'fieldvand!
"large plasma'rotation; The higheerrequency (HF ~ 30 kHZ) wave
amplitude marimizes'at small radii in the'region ofilarge‘negative.
electric field and the lower frequency wave (LFfv A2 kHz) at large
radii in the region of large pos1t1ve electric field.

First we WOuldflike to ”identifyf two low-freguency experimental
instabilities, in order to better'underStand their properties; The
nonequilibrium plasma surrounding.an HCD contains'several freé"energy
sources available to drive an instability. Near.the nrimary'arc
column, at small radii; exnanSion ofithe plasma in large density and
' temperature gradients driveS(ﬁamagnetic drift currents. The resistive
ydrlft vave may be unstable in this reglon.}g-lu However, a finite
parallel wavelength is required but not observed.

The E X Iineutraltdrag;instabilityfmay OCCur inﬁtheﬁrégﬂonsﬁof large
electric fiela, since collisions withfneutnimicaU&ethe ions‘toldrift
'slower than the electrons. 5 -17

Centrifugal and‘Coriolis forces arise in rotatingbsystems. The

centrifugal.force can be treated-as an effective gravity, nhich leads'
~to the plasma analog of the fluid grav1tational 1nstability ih the

.presence of a den51ty gradient.18:2O The'Coriolis force can.be either
stabillzing or destabilizing, depending on the magnitude and direction
- of the plasma rotation.e;L -22 |
The Kelv1n Helmholtz 1nstability should be condidered in the region.'
20, 23 26

,where the radial electric field changes 81gn This region

1/
of strong azimuthal ve1001ty-shear might be unstable under 1nterchange

of adJacent fluid elements. These, and other 1nstabilities are
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discussed in more detail in Chaptér Iv.

A single;flﬁid model; inéluding the effects éf density gradient,
centrifugél and Corio1is forces due to plasma rotation'in a radial
electric field, collisions with cold neutfals, flﬁid‘compressibility,
finite gyroradiﬁsz and ion inertia, is dévelbped in Section V.p» under
the name "rotational instability? The.two experimental instabilitieé
are explained Qell by thiSfthGOTyTOBCfive points of_coﬁparison. |

Next, we>would like to predict the radial density distribution,
which depends étrongly’onkthevmagnitudes of the various transport
mechanisms,‘including enhanced transport. in fact, the shape of the

radial density profile, characﬁerized by .a radial écale length
' 2, 27-31

q =-(V 1n n)-l, can be calculated from a simple transport theory.
Observations of the magnitude and parametric depehdence of the exper-

imental scale length may yield information on the magnitude and type

9,32

of transporf mechanisms present. When the expressionifor enhanced
convectioh is included in a.simple diffﬁsion‘theory, a radial density
scélé length is calculated; which explains semi-qﬁantiﬁatively the
observed steepening of the density profile when thé wave is stabilized.
Transport‘fheory'is discussed in Appendix B, and summarized_in
Section V.B. . | - :

Finéllg; we would iike fo study'ﬁhe‘effect'of-Wave'stabilization
on enhanééd transport. and;the“density profile. .Threé techniques’
of wave-stabilizatidn'ére,aftemptedol A linéarvfeedback ldop is
applied.to one quartef'of the éecénd end-ring as a suppressor’élec—_
trodeull’taj-55 A DC, dr floating; bias ié.épplied tovéevefél end—

ring electrode configurations. An AC stabilization method is.aléo
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éttempteQIWhere a re§ﬁangularvposifive,;or flqatingévoltagé,signal,
the auration.and iépetitioh rate of which canvﬁe Variéd, is applied»tp
én end—ring suppressor_eleéﬁrode. Previgus ex?eriments on wave
stabilizétion,techniquéé”are diScusséd in Seqtion IT. B.

- A1l threé teéhniques.afe found to be effective in stabilizing'
thé_loﬁer—frequeﬁcy (LF,z 2 kHz) wave. -Thé Stabilizatioh is Qbéerved
to. agree éemi-quanfifatiﬁely with thé éteepehiﬁg of.thé densiﬁy pro-

» file, indicating feducedicrosséfiéid traﬁépdrt;  Thé fésulting.:'

dénsity profiie is in égreement with fhat:calcuiated classicéliy for .
a quie;cent plasma. The highéréfreguency wave.(ﬁFvg SO_kHz),.ldéal-

ized at- small radii, could mot be stabiiizeqy The large negative

eléctric field, which we believe drives the HF wave, is characteristic

of ‘arc discharges ahd cannot,bgzélihinéted. Fortunatélf,.the HF ﬁave
doeé'notvéontribute‘signifiCantiy to'enhancéaﬂtrénsport;.

Previéus work on ‘the HCD is-diSCUSéed in Chapter IIa/ Tﬁe experi-
>ﬁehtal arréngément is preéeﬁted in Chaptef III.“ChapterﬁIV is a |
survé& of'ldw—freqﬁency instabilities ﬁhich'maylbe preSEﬁt in an HCD.
'_Transportland wave theory isvdiscussea in Chapter V, and the ekpefi—'

mental results are presented and discussed in Chapter VI.
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II. PREVIOUS WORK ON THE HCD.

A. Understanding Transport.

The HCDvis a good experimental device in which to study plasma
transfort processes. The secondary plasma surrbunding the céntral
arc ¢olﬁmn may exhigit large-density and:temperature gradiehts and
strong radiéi electfic fields. 'Several coherent, iow-freQuency
instabilities have been.reforted, which are associated with "enhanced"
transport. | |
: Onévof-the eafliest‘studies,‘pfesented_in 1949, on'a small rectan-
gularvargoh arc is discussed by'Bohm, Burhop, Massey, and Williams. 56
They argued that an ambipolar‘electric.fiéid is hééesséry fdr charge
neutralify. 'HQweVef their experiment indicated a_diffusion rate th '
orders of magnitudellafgér than the predicted ambipdlar rate. They
concluded tha£ an enhancedv"dfain‘difquionV mechaﬁism caused the
disczé;aﬁéy, and proposed what has come to be known as Bohm'diffuéidn.
In 1955,'Simon and Néidigh2’27‘propoéed an alternate solution
to the."draih diffusion” of Bohm éf.'al.36 Tﬁéybélaimed'that unre-
strained ion collisional diffusion is éufficient to explain the
1 observed transport fate; aue to the fact that the émﬁipolar-eiectric
field is "short—circuifed”.by conducting end plafes. Thé ionsvére then
transported across the magnetic field at:the'classical ion-neutral
collisional rate, unréstrained By ambipolér fields due to thé slower
 eleétrQn—neu£faivtransportbrate. | |
-In 1960,tharinov28 propbsed:abmodel of .electron trapping §1ong'th§,‘
magnetic'field liﬁés.in the potential weli-between thelend sheathé.' The

o o o )
electrons were assumed to be in Maxwell-Boltzmann equilibrium. Tonks s
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generaliZed'further,vassuming'arbitrary‘trapning:at the'end‘sheaths;
characterizedvby the relation, (nv” ) wall = 'B'(nv" ')iwall.';His
results reduce to those of Zharlnov for electron.tﬁqxnng with B
and to_those for 1nsulat1ng-end_plates'W1th B,=

In 1962 'Yoshikawavand Rdse9'studled the transport.mechaniSms in
an HCD. They measured the current to an annular rlng as a functlon
of voltage, for varlous neutral gas pressures, pt 5 ‘and magnetlc fleld
: strengths, B. .They expected-to_see the transyerse.eurrent scale
as pt/B for enhanced diffusion, and aS'pi/.B2 for collisional‘diffusion.
Their resultsalay:someWhere between the two. | |
Also in l962 Rothleder37 studied tranSport'inlan HCh;in argon.
He used a. set of concentric end rlng segmented electrodes, and found A
vthat nhen grounded the 1nner rlng draWS.a_net electron current,’
whlle the outer rings draw a net ion current in aéreement w1th our
»results»b He had. some. dlfficulty calculating a good theoretlcal flt for
the observed dens1ty proflle for. the case of conductlng end- rlng elec-
trodes. However, his experlments were among_the first to 1nvest;gate
, the'aXial as vell as radial‘plasma profiles; and'to investigate'the
effects.of arlal and radlal boundary condltlons. |
| In l965, Berkner et. al 1 measured the axialvand.radial depen-
dence of an argon HCD plasma. Conducting end nlates were used and A
the ax1al dens1ty proflle was measured to be roughly 0051nus1odal
vOrder of magnltude agreement with the ax1al electron trapplng model
of Zharlnov.and Tonks was obtalned° ‘

In l968 Warren5 presented a more con51stent studyvof transport

in a hellum HCD, by 1nclud1ng enhanced transport when a "drlft -type"

1nstabllity was present. Five concentric end-rlng electrodes were



employed in the 20 cm diameter diffusion'region,.by,which'centrol
over the axial and radial boundary conditions was studied. The
magnitude of enhanced transﬁort was estimated by measuring the

phase, ¥, between the density, n, , and potential,'wl 5 fluetuations,

1

w.'.ll’ 12

<nvr ) = (k (e /2B) sin Often enhanced convection

conv
was the dominant transport mechanism.- The calculated density profile
shape agreed well with the measured value, wheﬁ_enhanced transport
was negligible. Particle balances for the.ions and electrons were

satisfied by the experimental radial and axial perticle currents.

In 1969,‘Hudis6 measured ion streeming directly in an argon HCD,

. us1ng a dlrectlonal Langmmin probe, DLP. He identified one low-

frequency instability as the Raylelgh Taylor, R-T, centrlfugal flute,
and partially identified another as the transverse‘Kelvin-Helmholtz,
K-H, velccity-shear-driven flute. By ﬁsing the DLP, -he was able‘to
meesure ion streaming directly in the axial,'azimuthal, and radial
directions. He measured enhanced crose—fieldvtrahsport associated
wifh the presenee of tge.Rayleigh-Taylbr waves, but independent of the
presence of the K-H ﬁave. This aérees with the predictions of a non-
linear computer model by Byers.38 Byers showed that large‘amplitude
R-T waves transport plesma to the vaeuum Wall, wherees the K-H wave
remains localized in con&ective cells. |

ZHudie was hOt ableete estimate eﬁhanced:convection by the methoa
of phase correlatlon between the dens1ty and potentlal 0501llat10ns
Nonlimear coupllng of 1arge amplltude co- ex1st1ng waves left him
no meanlngful determlnatlon of the fluctuatlng electric fleld,

However,ﬁa simple expre551on from fluid theory was used to calculate

an enhanced cross-field velocity, in semi-quantitative agreement with
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the measurédvvalue.
In_a later work vHudis'and Lidsky7_used numérical methods on a

normal mode stablllty condltlon, derlved by Perkins and Jassby.

%

By averaglng over radlal plasma and wave proflle:, they were able to
 1nfer that normal mode R- T and K- H waves. could be destabilized by the ’ ._ 5
radlal eleotrlc fleld proflle. Thls work was an 1mprovement over |
the proviouo work, oosod Only on a loool approximatioﬁ. \
In the present experiment,‘the seoondary'pla$mavOfaﬁJKH)ﬁﬁ“E@gpnond
vhelium_is studied. Five conoentric end-ring eleotrodes are emplojed,
with which the axialoénd radial bouhdafy.conditiohsbare varied. The
inner two.endjringorare qﬁérfered in ordef to:study ozimothal.‘”
proporties. Cohefent'waves, enhonced trapsport;.and“wave stabiiiﬁ~
'Z@ﬁon afé ofuoied.liA BLP is employed to meésure ioﬁ sfreaﬁing in the-

azimuthal and axial directions directly.
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B.. Wave Stabilization.

Plasma instabilities arefoften.assoCiatedswith enhanced plasma -
loss.5-9 Furthermore, our’suecess in attaining a self-sustainihg;
thermonuclear reactor may depend on our ahility to understand and

control enhanced plasme losses. For eXample,'several recent experiments

have shown improved plasms confinement wheh certain coherent plasma

. waves are stabilized. Some'of.these experiments wil} be discussed

further in this.sectioh, with the help ofua receht review article
by Thomassen.3 |

Several techuiques have'been'attempted_iﬁ order to make plssmas
‘quieter, such as minimumeB geometry; magnetic shear,-ahd~more recently,

11, 33-35 Llnear feedback means that

line&w*feedback stabilization.
a signal proportlonal to the plasma vave is phase shifted ampllfled

and returned to the plasma in order to reduce the signal amplitude.

I4

. Several methods of sensing the sigaaliand coupling feedback: ppwer.

to_the-plasma will be discussedAhere;
Under certain condltlons, some llnear feedback skhemes are predicted
to be 1neffect1ve in stab111z1ng flutes. For-exauple, in a torus
net linear feedbeck should vanish due to averaging over‘azimuthal _
and axial periodicities.ao’Al. A nonlrnear feedback technique is pro-
40-42 | e |

posed to overcome this obstacle. A corrective. force is applied when-

ever the wave amplitude exceeds a chosen Value and_is removed when the

~

wave subsides. Hendel and Chu report the only- experlment we could find
u31ng th1s method, with results comparable in. effectlveness and power
requlrements with 11near feedback 42

Dynamic'stabilization is another method, which is'reportedLy

successful in stabiiiziug single-mode, multimode, or turbulent regimes
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simultaneously; A hlgh frequency s1gnal is applled to the plasma which:
stablllzes lower- frequency 1nstab111t1es by suspendlng the electrons

in a new "dynamic" equlllbrlum.

1. Llnear Feedback
. Arsenln and Chuyanov flrst suggested feedback stablllzatlon of '., R
grayltatlonal flutes u81ng llnear feedback applled_to suppressor_
plates,'external to the plasma.l":3 The poféntial applied to the sup4
pressor electrodes is proportlonal to a s1gnal sensed at the plasma.
edge.' In thls case, the electrlc fleld between the suppressor plates
opposes the electrlc field of the wave for negatlve feedback Theory
lncludes thevsuppressor electrode potentlals as boundary oondltlons to’
the solutlons of Poisson's equatlon. >Success of thls technlque
wa.s subsequently reported on the Ogra IT dev1ce,44 and on‘the Phoenlx

IT dev1ce,ﬁ5

operatlng as a s1mple mlrror; Wave amplltudes were re—
duced an order of magnltude, and dens1ty was reported‘to 1ncreasev |
by factors of 2 to 4. 5 o )

Arsenln and Chuyanov also suggested stablllzation of.the col-
lisionless dr1ft 1nstab111ty by llnear feedback simllar to that pro- ‘
‘ posed for the grav1tatlonal flute.46. Slnce then, volumlnous work onv"
the feedback.stablllzatlon of drlftrwaves in Q-machrnes‘has appearedlv
invthefliterature.: wOng, Baker, and Booth47 andtLindgren and Birsdall
;'reported suppress1on of the collls1onless drift wave us1ng suppressor | ,—;
electrodes 1mmersed in the plasma L1ndgren and Blrdsall s1multane- ., ﬁ";
,ously suppressed the ‘m = 2 5, and L modes by us1ng fllters and three .
_1ndependent feedback loops.v The phase shifts required for the three
rmodes were dlfferent, 1ndlcat1ng that s1multaneous suppress1on was hv

ll 12, 35

not poss1ble w;th,a srnglegloopg';Hendel,et. al 4and Furth
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and Rutherforde

réported.suppréssion of.the coiliéional drift wave, in
agreement with a thedry which.includesbah electron sipk term in thé
éontinuity eqﬂationf‘kDénsity'incréases up‘to BOO/O were reported.
Prater obéerved that‘density increases due fo wa&e suppression
are to some'degree offset by currenps tb suppressor'électrodes, acting
as electron EiE%E“AS Helréportédvsuppression of1almjyof instability.
by injectioﬁ‘of a low-enefgy electron'beam,ﬂmodulated by a signal
'.proportional td the density perturbaﬁion, as én,electron sourée.
‘Preliminary results are.similér ﬁo.those.of electron.sink‘feedback,
indicating that the sﬁabilizétion méchanism is actually charge feedback.
: Anoﬁher method of coupling feedbaék poWer to the.plasma is a low-
frequenéy_modulatidﬁ of microwaves at the upper hybrid frequenéy. WKB .
theory shows that there is high absorption.of‘miérqwéves at the -
vuppér.hybrid‘freqﬁéncy.sg fhis tééhniQue also has the advantage that
no electrodes are immérsed inithe plasﬁa, and isjtherefore more
suitable for fusion plasmas. Hendel,,Chu,‘Perkins; andisimonén reported
stabilization of the collisional drift wave Qsing_microwéves, in
agreemént with a_théofy whigh ineludes é feedback controlled ﬁeatr
sink in the electron heab flux equaj;ion.“g w_oné,- Bal;er,. and Booth
eXplaiﬁed»similar stabilization of the collisionless drift wave.by
: o : : ¢
vmicrowave-coupling to thé é;ectron orbits.47
S Chen_and Furth pfoposed:anbthef'inte?ésting rémdte_feCﬁniqﬁe'

of coupling feedback powér-to the‘plasma.so

They suggested low-
frequency modulation of a neutral beam being injected into the plasma.
When appropriaté volume plasma and momentym sources were included in

the twb-fluid equations, théy were able to show stabilization of the

resistive drift wave, for example, as a function of modulation gain
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and.phase.hiThree physical explanatiohs Were diseussed; (l) hensity
snoothiné-;fllling'invthe waue troughs at low beam energies; (Qj Eime
ulatlon of mlnlmum ~B--the pressure of the neutral ‘beam may have an
-effect s1m11ar to favorable_gradlents in the magnetic'fleld; and
(5) de energlzatlon of the wave——the neutral beam pressure worko
aga;nst plasma motion. In practlce, all three mechanlsms may be
workinglslmultaneously, which determlnes the net phase and galn_
required.forifeedbach} : | | s
SincévloW—frequency modulation_of'high—energy_neutral beams
may'be difficult,'Chen:proposed'modulation.of.infraredllaser beams

for"f’usion-plasmas.'51 Coupllng power to the plasma was explalned by

means of local radiation pressure actlng on the 1ons, or quas1 llnear

drift of electrons along the dens1ty gradlent. 'Theoretlcal stabil-
ization of drlft and’ flute modes  was showna- Recent work 1mplies
dthat laser power can be coupled to the plasmaJ 1n both the ordlnary
and extraordlnary modes. | " |

Success of llnear feedbadk'techniouesghas_also,been reported'in
.arcpdischarges.l Parker"and.ThomaSsen'reported feedbackkstabiliZation
of "drift—type” waves»in.alhydrogen refler arc;53. Two suppressor o
- electrodes extending thevlength of.the system created.an azimuthal

'electrlc fleld whlch opposed the wave field for negatlve feedback
43,46

as suggested by Arsenln and Chuyanov

Keen and'Aldridge_reported suppression'of'a collisionalvdrift
' 54,55

‘wave 'in an argon HCD.t.‘ A suppressor plate electrode was. 1mmersed d

in the plasma. The experlmental results were explalned well by treat-

' 1ng the system as/a- classlcal Van der Pol os01llator, Wthh 1ncluded

llnear growth rates and nonlinear saturatlon coeff1c1ents to determlne

i

2
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~the limiting wave amplitudes.
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6,57 . . L

" Good agreement between theory and
experiment was obtained when a feedback controlled ion ‘source: was

included to account for'the-effect of feedback.

Stufflebeam et. al. have also reported successful feedback
stabilization of the rotationally convected drift 1nstability in an
58 :
argon HCD. However, the optimum phase-for feedback is shifted from

56, 57
measuremento by Keen using solutions of the Van der Pol equation :

2. DNonlinear Feedback

Millner and ParkerAQ and Mel_cher_l’l considered theoretical<suppres-”
sion of flute instabilities by meane_of external currents, providing

vacuun magnetic fieids perpendicular to'an‘axial magnetic field. This

method has the advantage that no electrodes are immersed in the plasma,

and therefore may be more suibable for fﬁsion plasmas} However, they
calculated that linear feedbackiis ineffective for 8 eyStem with axialv
periodicity, such as a torus, éince integrals over axial and azimuthal
periodicities vanish. A method of nonlinear feedback was broposed'for
stabilizing flutes. Locel piasma'surface displacemenfs trigger currents
applied.to external'conductiﬁg straps. The increased-”magnebic pressureh
is maintained‘until ﬁhe.surface displaCement subsides below the
brigger 1évé1.

Hendel and‘Chu reporf succeseful stabilization.of the coilisional

and collisionless drift wave us1ng a nonllnear feedback techn1que.42

A corrective pulse Signal was applied to 8- Langmuir probe, acting

as a Current sink, whenever the wave»amplltude was positive. The

duration, phase, and amplitude of the,rectangular,suppreesor;51gnel

'
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yere varied. 5Results.snowed'phaseland”pouer reduirements similer
"to those for linear feedback. when the'noniinear pulse was applied_
only‘every=second wave cycle, thejfeedpack;voltage reguirements_rose
s0 that the. Feedback power,was approximately the same. They,observed,
Ihowever,‘that in regions where severei:modes may- be Simultaneously
.unstable; sucn asvforvthe'collisionlessfdriftpuave; nonlineer feed-

‘ back'suppression may»excitebhigher'modes'and hermonics more readilya

3. Dynsmic Stabilization

Dynemic stabilizationdat frequencieS'nueh lerger than'instability,, ‘

- frequencies can be used in the single-mode, multimode, or even

“turbulent regimes. . .

S R 59 60
, In an early experiment Rugge .. suppressed the helical 1nstab111ty

\

¢

in a positive coluﬁn, by the application of an ac. ax1al electric
field. SinCe the-instability grOWS by drifting in a. "kinked" axial_

v_electric field and an ax1al magnetic field Rugge found that the
1nstability could be suppressed by revers1ng the ax1el electric field
at frequen01es greater than the 1nstab111ty growth rate;

Keen and qutt reported stabilization of the drift dis51pet1ve

linstabilityﬁunahydrogen afterﬁlow, by applying either an ac: aZimuthal

bmagnetic field or an ex1al electrie field.57 61

‘Hendel and Chu applied rf radiel'or_axial;electric fields on one

or two'electron~emitting'ring’probes”in.a Q'—machine.42 .StabiliZation .

of the drift 1nstability was reported for the entire unstable regime-—w
'51ngle mode, multimode, and turbulent. The transverse Kelv1n-Helmholtz
"edge OSCillation" was s1m11arly stabilized. -However,:higher power

1evels were required tec maintain the dynamic equilibrium;- Interpreta-
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tion of results was also more difficult, since the pldsma3parameters
were changed.

4. Feedback as a Diagnostic Tool

' Feedback can also‘be used as a diagnostic tool. -For example;
one oan measure the density profile as a function of wave amplitude by
varying the feedback gain{b From thevshape of the density profile, one
can infer the effect of enhanCed.transport as a functioﬁ of wave

amplitude. Hudis measured enhanced transport directly with a directional

Langmuir probe.6’7’lo

Another diagnostic applicetioh;wasffirst sﬁggested_bj Wong and

Haieéz_,They”measured the lineer growth rates and nonlinear saturation
coefficiehts for drift waves in a Q-machine. Lineer f@gdbagklwas
suddenly_removed. 'Curve fitting:between the Plasma response ahd a
- power series expansion for the wave energy yielded the desired
cOeffioiente,‘ Keen»used this'methodHto mea.sure the linear growth

rate directly, ty_oomparing plasma response with a solution of a

Van der.Pol-type'equation.56’57 By gating the feedback amplifier,
Hendel Chu, and Slmonen measured the nonlinear growth rate of the

colllslonal drift wave to be much smaller. than the linear growth rates 63

5. Other Interestlng Experiments: Stabilization

In other 1nterest1ng experlments, Scott thtle, and Burt reported
stablllzatlon of the Q—machlne colllsionless drift wave by dcimagnetlc
shear stabilization, us1ng external stellarator—type L =3 windings;64
Hartman, Hendel and Munger reported suppres51on of ballonlng type
drift modes in a‘toroidal stellarator'by‘magnetlc shear from: L =

helical windings.65 ‘Chen and Rogers reported minimum-B stabilization

of drift waves in a Q-machine by adding internal solenoidal reverse
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coils whiChvcremed‘a minimum-B conflguration.66 tThey proposed:-

- minimum-B stabilization:of long warelength lnstabilitieS-in tori in

this manner. Chu_et._al; have suppreSSed.the KelVin—Helmholtz "edge- | L

oscillations”'in the‘Q—machine, comparlhg With an electron-sink theory.67 s

In the earllest reported feedback experlment Arsenln et. al. stablllzed o

the resonant 1on—cyclotron 1nstab111ty 68 Keen and Fletcher ‘used

a’ photo sens1ng technlque, coupled through the feedback doopto the ‘ ..;w

- electrons’ hy means of theeelectron-cyclotron resonance, to.stablllze |

the ion sound wave?? Ionlzatlon waves were studiedhusing feedback on

a.positive_column by Garscadden'andvBletiinger,70 v |
'Finally;'Llndman has proposed_an‘lnteresting technique of’passive,

stablllzatlon by applylng pass1ve RC networks to a segmented plasma

boundary.71 Theoretlcal success was - shown by numerlcal 1ntegratlon

of Kent,.Jen; and'Chen S radlal wave equatlonz 1nclud1ng'pass1ve RC

circuitr& aslboundary conditions.gé' Prellminary1eXperimental.results,

by Carlyle_onvthe'Texas Q-machlne have confirmed Lindmants theory.72

. In summary, wave stablllzatlon has been shown to reduce enhanced

| transport, often reported to~be several orders of magnltude larger

lthan predlcted class1cally. Wave amplltudes are reduced more than

‘an order‘of maénitude;'with resulting'density increases of up to 30%.'

And several remote technlques of coupllng feedback power to the Plasma

have been proposed and tested. We expect to see some of these tech—'

'nlques used to stablllze fu31on reactor plasmas.

6. The Present Experlment.'

In the present experiment, we intend to explore three wave stabil-
ization:techniques. SuppreSSOr electrodes'are the fivedconcentricv

end-ringsi located at each end of the-system. ' The inner two end-
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rings aré.qua?tered tQ peride goéd eiectficai contact with the plasﬁa,
for linear feedback elecfrodes. Linear feedback is treated éemi—
quantitatively as a COntroiled ion | sink in the equﬁtion'of
continuity (seelSecfion V. A.). |

AlSo,,by aﬁplying de pmtentials.to»variousAehd-ring configurations,
we can affect the radial and éxial bdﬁndary COnditions. We will see
_thét one'lqw-frequency instability can be stabilized in thié manner,
in part at least, by eliminating the radial eiectric.fiéid,iﬁhich
we belie&e driveS'thevinstébility. A "passive"isfabiiization technique
is élso_succészul,_in ﬁhich given énd-ring-eiectrbdés are floatéd,
while gqthers rémain at ground. ‘

An AC stabilization technidué is also atfempted,'by applying a
reétangular pulse signal to a givén end-ring-elecﬁrodé cOnfiguration.

‘ Pulse frequencies greater than wave frequenéies are reqﬁifed, siﬁce

the growth rate is.comﬁarablé to the freqﬁenéy.' We'want»to inveétigate
power fééuiréments and plasma parametef,cﬁanges, the radial‘elecfric
field in particular, wﬁen a pulse signal is appliéa.

Wave stabiliZafion is also used.as.a diagnoéfic téchnique. We use
‘stabiliéati5n to study the effect Qf cbhérent ldﬁéffé@uenc& plasma waves
on enhanced transport fates and on fhe density profile, as a
function;bf power and wave»amplitude, We also use stabilization to
measure instability growth and dééay iatés_direétly,‘uSing two inde-

- pendent tec@niques. ﬁowéver, Caré must be taken'in thevinterpretation
of results»when'the plasma pafameters are'changed by stabilizafion
techniques.. The three stabiliéation téchniqués are;diécussédiin
Séctions VI; c,D, aﬁd'E, respectively. Use of linear feedback and

AC stabiliZation to measure the growth rate directly is discussed in

i
|

Secfion VI;G. ' \
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IT1. iExPERIME‘NTAL ARRANGEMENT
'The_experiment:was condncted:in'the secondary plasma of anv,

HCD. The primary'discharge is treated as a magnetically and

mechanlcally colllmated llne plasma source, on the axis of the

dlffusion chamber.i The plasma expands, dlffuses, and drlfts

': across and along the magnetlc fleld to form the partlally 1onlzed

plasma studled in this experlment.

A. The"Hollow-CathOde Discharge

o Propertles of the ‘hollow- cathodadlscharge are dlscussed in

3- 675 'm

detall in the llterature . The experlmental arrangement
is shown_lncfig; Ill,l; An axial magnetlc fleld-of B = 580 to
ll6C ganss.isdcreated‘b&VSim.modnlar coils;‘as Shown. Nentral.gasf
is fed ‘through the cathode, whlch is a tungsten tube, 0.476 em in
dlameter with a O 076 cm wall. The are is 1gn1ted by a commercial.
weldlng starter Wthh applles rf to the cathode. The hot ions |
return to the-cathodel. When thescathode_reaches electron emlssion
temperatnres of-'92700?K, the arc:ls.self-sustaining;-and the rf
is stopped, .Cathode gas flow rates:ofVBZtorjo-cmB/min, STP; of
argon andvhelium are usedginvthis experiment, with a gas pressure
of 3 to 10 mtorr in the cathode r‘e.gion.v»

This experiment_uses;aIharexcathode;wlthont;the anode assembly o
AL shown in fig. ITL.1. himiting _'ape_rtml-s with a dismeter of |
0.5 in.-are used in both the cathode and‘anode,ends.' Arc currents
of 5 to MO amperes were.poss1ble, howerer, long cathodellfe and a
hlghlyvronlzed arc-colnmn 1svobta;ned'for I 20 A Cathode

CI
-voltage'withvrespectfto groundvis typically 440 v to -70 V-in-
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argon ana'-70'v to—lOO‘V'in;helium.

The arc runs from the cathode to several electlodes,.E’r II’

_anda;EI%_%ﬁ whlch ‘are generally at grouﬂd,but can be 1ndependently
biased. Typlcally ~ T5% of the arc, current goes to electrode EI
another 20% goes rather_evenly to the anode end electrodes,' TT

isystem are each pumped by a 200 llter/secJ 4 in., llquld nitrogen-

and A. ,iand the remaining 5% . goes to the end-ring electrodes and

IT

the tank.fvindependent’biasing of.the anode AII'from +40 v to -ko

V was attempted in order to change the shape of- the radial electrlc

fleld as reported by Hudls 6 lettle effect was.observed, except

on broad—band,n01se, whlch we’beiieve is due to the fact that only
lO% of the current is recelved by AII |
The ax1al magnetlc fleld is produced by 31x modular 001ls,

22 9 em i.d. x 50 8 em o. d X 15 6 cm deep The c01l positions

and currents were adgusted S0 that~the fleld Was'measured to be

'unlform within 5% over the 60-cm length of the d1ffus1on chamber.

Care was taken t=Yo) that the ax1al allgnment of the magnetlc and

.mechanical axes is good to within 0.05 em over the 6&.7-cm length

of the diffusion chamber.’ The cathode ‘and anode are then aligned

on the meChanical axis'using a cathetometer telescope.

Differential pressures are. obtalned by the follow1ng pumplng

. and gas 1nlet conflguratlon The cathode and anode endszof the

trapped mercury d1ffus1on pump The dlffu51on chamber is pumped

' from the-rear,access port by a lhOO—llter/sec, 6-1n., water-trapped'_

oil diffusion pump. The pumping speeds of all three dlffu51on

pumps can be "throttled" by’use of manual gate'valves. Gas can be
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introduced independently into.the diffusion_and anode regions, con-
trolled by needle val&es. Base pressures are,typiéally 5 leb-6
torf. | | |

The properties of the-plasma in the difoSion region are sum-
mdrized in Tehle VLI, while'typical radiéi profiles are presented in3
Séc. VI. A. Our measurements agree'with those of previous experi-

1,5, 73,74

ments. The diffusion chambef is an aluminum cylinder,
64.7 cm long andv20_cm‘in diametér. At the aiial midplane Qf the
diffusion region are front and rear access ports, 3;6_x 22 cm. At
the front portAis>a lucite window, through which 3 probes are in-
~serted, ﬁéutral gas can be intrqduced,vand visuai and spéctrésopic
observations can be made. Thé rear porf goes to the 6-in. diffu-
sioh pump, as Qell as to.a'lucite_Vindow, throughﬂwhich anothér
prdbe is.inserted. |
At each end of the diffusion chamber, the sxfal boundardes

tonsist éf‘S'concentric end—ring'eleétrodeb;,moun£ed oﬁjan
alumina insuléting plate (fig. III.2>. The iemer two end-rings
are quartered to'prOQide information on azimuthal,symmetry, as
wéll as fo provide éﬁiﬁéble subpreésor electrddes for the.applica-
tion'of_linear feedbéck. The electrical coﬁnections to the end-
rings leave the'diffdsibn_regioﬁ thréugh an»epoxy-seal, and tgrmi—
nate on a bahané;blug‘banel. Each eieéfrode.can be‘independently
biased.and monitored. The éysﬁem length with the end-fings in .

place is reduced to L = 58.2 cm.

Reference to any end-ring electrode includes the correspond-
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XBL689- 6839
Fig. III.é{_ Concentric end-ring electfdde cohfiguration. Inner
" two tantalum end-rings are quartered; outer three end-rings

are -copper.
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ing electrode at both the cathode and anode ends. For example,
reference to the third end- ring implies the third end ring at each
.end tied together electrically.

"The effect of the end-ring electrodes on the radialsplasma pro-
files is discussed in Sec. VI. C- (DC stabilization) The effect
of uSing the upper quarter of the second end ring as a suppressor
electrode-for linear feedback is discussed,in Sec. VI. D. And the
effect of.using the second and third‘end—rings asvsuppressor elec-
trodes for AC stabilization is‘discussed in Sec. VI. E.

B, Langmuir Probe Configuration

Langmuir probes are used as the primary:diagnostic tool.
Probe theory, as discussedbin Appendix_C, is summarized in Sec.
>V.VC;_'Physically the probevtips are 0.020-in. tungsten wire,
extending 2 mm beyond'a 3-mm o.d. quartz sleeve. The probe shank
is 6-mm o.d. quartz‘or Pyrexbtubing, which leaves the vacuum
through a Q.25—in. sliding Wilson.seal. The tungsten tip passes
vthrough a8 quartzﬁaﬁwrex éraded seal to a coaxial cable, which
runs to the probe circuitry. The_saturated.ion current; Isi’,is
measured by applyiné a -45 Vv bias to the probe and monitoring the
current through a 1K resistor to ground.. The floating potential
@f’ is measured directly Wlth.a high impedance digital voltmeter.
Fluctuations on I 5 and wf are measured on a Tektronivaodel 115
spectrum analyzer, or on a phase senSitive lock-in amplifier
Princeton Applied Research Model HR- 8 The measuremént equipment
can be further isolated from the plasma by inserting an integrated

circuit voltage-follower.
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The.phy51cal probe arrangement at the axial mldplane is shown )
vin.rlgr III.B, Flve radlal probe ports exist, A throughPE° An
-axial’probe,IX, can be moved the length.of the,system, as well as
rotated to various:radii and azimuthSQ' Whenﬁthe axial probe is |
removedbbeyond'the mldplane,dthe radlal probe'A can be inserted
'from the:rear access portt, In the flgure, probe C is a.suppressor
probe, a 2 cm- long probe t1p, Wthh can be allgned along B to pro-
vide larger plasma contact when applylng linear feedback. Probe
E is the @irectional Langmulr probe (DLP) | |

The probe characterlstlc (V—I plot) is obtalned by us1ng the
Langmulr probe sweep cha581s, shown schematlcally in- flg III o

A low—lmpedance (R = 50 ohm) voltage ramp is applled to the

mf .
probe, and the current is measured through a 1K res1stor RI. The
probe.voltage can be measured through a lOO_megohm re51stor,aas'
-shown.‘ This gives a»lOb:l vOltage_reduction at the oscilloscope,
asfwell asvincreaslng"the input.impedance-Of'the'monitorlng equip-

ment. In practice, the 100 megohm:resiStor was replaced by an -

1ntegrated circuit voltage follower, g1v1ng hlgher input- 1mpedance,'.'

Aand no voltage d1v1der. The probe characterlstlc is dlsplayed on -
_ a Tektronlx Model 5024 osc1lloscope where 1t can be photographed _
'or on a storage osc1lloscope to save camera fllm, or on an X Y N
recorder;; The electron temperature can teobtalned,from the logajv
r1thm1c derlvatlve of the’ probe characterrstlc, as dlscussed in -
.,Appendlx C. o | | |

. Directional Iangmuir Probe (DLP) Construction

A directional Langmuir probe, DLP, is used,invthe present

5
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experiﬁent tovmeasﬁrebipn curfents'in.the gzimuthal énd-axial
diredtiohs. Using simplé probe fhedry; we derivé.an'expression
for the S£reaming vélocity as a fﬁnction éf méasuréd directional
~ion cufrent&: Theory and six éxpérimental éﬁecks-oﬁ the operation
of thé DLf afe discﬁssed.in Appendix D. ‘uIn pa?ticular; the DLP
is found to opefate co;réctly aé a‘simpiebiahgmuif pfobe, and to
correétly méasure 5 knoﬁn Plasma drift.velécity;

A‘DLP was constructed, aébdiscussed'by Hudis and

LidSky,6’7’lO

‘80 thét simple probe theory should be Vélid. The
construction we use is presénted:in figu:iIi;5$_ A flat siot was
milled in the o.QMO-in.'tungsten rod so that a planai« é’ollecﬁon
surface is obtained. .The remainder of the tpngsteﬁ rod was
shielded‘from the plasma.by aﬁ inéﬁlating sleeve  of aldmiha.v An
aiumina plug waé inserted in thevend‘of the élumiﬁavtube, and
bonded with a ceramic cement. The epoxy'vécuum seai was made.lE
cm frqm the probe tip,bbutside fhe ﬁlasma region._,The-éluﬁina
sleeye was brokeniabout l_in. inside thé O.25—in. o.d. x 0.065 in.
wéll stainless steel Support tube, so that an epbxy vacuum seal
COﬁld bé médé. ‘The'élumina éleevé'was then epoxied.to the stain-
léss‘steel.tubé; * The tungéten rod runs the.entire‘lgngth of ﬁhe
probe. Tt is éii#er—séldered to coéxial cable'at'the‘end, gnd »

 the grounded coaxial shield ié conﬁécted to the stainless steel
suppértvtube.. ” |

| Thé'DﬁP iS-biased 45 v negative, apdAﬁhe saturatednign cur-
rent 1s measured ﬁhrough é_lK resistor to gfound. _The stginless

steel support. tube leaves the front access pdrt‘E; through a
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Fig._v III.5. Direétional_ TLangmuir probe éonstruction.'.
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élidihg Wilson seal. Particle currents can be measured.in the

‘axial and azimuthal directions at all radii. The difference in

the azimuthal particle currents is typically 10 tc'SO%, which

can be observed on a digital'voltmeter, 5o that no sophisticated

equipment is required. .

D. Linear Feedback-Circuitky

The linear feedback lodp we use to stabilize'é low—frequency.
instability is shown schematically in fig. III.6. Experimehtal
feedback results are discussed in Seé; VI. D. The rear radial
pfobe is generally used as the sensor probe, monitbring a reference
fluctuation on I_; or @r for the lower-frquenéy (LF ~ 2 kHz) wave.,
The signal is then filtered so that we'bnly affect the m.:'l mode
of the LF wave. Then the signal is_phése-shif£ed 0 to 360 deévby

an active RC circuit. The signal is amplified and fed into the

-8 ohm impedance terminals of two voice-to-line transformers in

series. The transformers were used for two reasons: (1) s0 e
could more.nearly match the plésma impedance at low'feedback power
levelé, as weil as protect the amplifier; and (2) so we could
electrically'float, or.de bias, the feedback signal Qith respeét
to grdund. h

-Feeaback current_is.measuréd through a 10 ohm resistor. The
complex - loop frequency responsé is meaéured from the input at the
sensor probe, to the outputvat-£hé suppreésor'electrOde;_so;that
thevaétﬁal ibdp gaiﬁ and pﬁéée shift is measured.

‘Liﬁear'feedbagk‘was attemﬁied oﬁ.onélor more quér%erS‘df_the

inner two end-ring éiectrodes (fig. I11.2). The signal on a ‘
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given suppressor electrode was applled in a varlety of configura-
tions: (1) with respect to ground; (2) with respect to other
eleetrbdes at different azlmuths; and (5) with respect to the cor-

responding electrode at the oppesite end of the systeﬁ. A typical

case is presented in Sec. VI. B., when the feedback signal is

applied to the upper qﬁarter‘of the second,end—ring.electrode with

respect to ground.

Feedback was also attempted‘oh a modified Laﬁgmuir probe,
probe c dn'fig{III.B s described as a 2-cm-long, 0.020-in. diameter
tuhgsten_ﬁrobe'tip, aligned aIOng Bo This suppressor probe is
much less effee%iye than the.end—ring eiectrodes, probably due to

the small plasma contact area.

E. AC stabiiizati‘on.s_wi‘tching Circuit

TAC'etabilization is_applied‘by pulsing e‘rectangular voltage’
signalvoﬁ'ahd off a chosen'electrode; .The.necessary voltage
switching circuit is presented in fig. IIL.7. A regulated dc
power supply is applied to the BC INPUT connector. An amplified
TRIGGER INPUT is used to sw1tch the pOWer ‘transistor on and off.
When the ‘powver tran51stor is on, the OUTPUT is grounded through

e

the tran51stor, When the power tran81stor is off the OUTPUT
voltage ie the power,supply voltage minus the‘voltage drop through
the 10 ohm resistor, thropgh which the current is meaSured.
SWitChipg frequenciee_of.up.to.QOUkHz_were studied, with'negligibie
deterioratioh of the QUTPUT_pulee; AC sfabiiizetion ie diseussed

in Sec.. VI. E.
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IV. SURVEY OF LOW-FREQUENCY INSTABILITIES.

‘A. ~ Introduction.

A The secondary plasma'of an HCD contains several free energy
eources,'whlch ean drlve 1nstab111t1es. As a reeult several differ-

ent low—frequency lnstabllltles have been "1dent1f1ed" in-an HCD, which

‘we summarize in Table IV.1. Several of these'lnstabllitles have

gimilar Drooertiee, in that they are dfiven by plasma rotation in a
nonuniforn radial electric fie&d. Also; 1erge density_and temperaturé
gfadients_éxist‘near the primary arc oolumn; in addition to a large
electric field. llieional effectstcan also be imoortant. In these
circumstencos,fit is not sﬁrprising to observe wavee which exhibit-
prooerties&consietentbwith several driving mechanisms, simultaneously.
A theory which includes all of these effeots SLmultaneously and
self- consistently does not . ex1st Recently, however, computers have
been used to treat more correct fluid models, and glve solutions more
consistent with experiment.. we'expeCt;futore work to include numerical
integration.of a radiel wavecequation,78 using reaiistic'experinental
plasma profiles, and solving for normal mode behavior. ”
In this section we categorize and discuss some of the 1nstabil~
ities which might occur in an HCD with the ald of a review article
by Lehnert.?9 We consider only electrostatic instabilities fot our
low B = pi/(pi f BZ/SW).{< 1, high density, ci/c?‘<<'1; plasma,
since indoced,magnetic fields:in the plasma are negiigible compafed

to the applied axial field:



 Table IV.1. Waves Identified in an
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HOD.

Wave

. Réyleigh—Taylor

centrifugal flute

. Kelvin-Helmholtz
velocity-shear
flute '

. Resistive drift

. E x B drag

. Electrostatic
ion cyclotron

. Ion-acoustic

Author’ Frequency (kHz)
Hudis'(1969)6?7 - 1-5
Hudis (1969)%7 12 - 17
Chung and Rose (1967)7° 10 - 20
Aldridge and Keen (1970)°° ~ = 15 - 20
Gunshor; 'Nooné and Holf | 8
- (1968)7¢ |
:-Kambic, Noon; and Jenniﬁgs
(1971)77. |
Stufflebeam, Reinovsky, sg . - >
Noon and Jennings (1971)
Morse (1965)17' 2
- . 75
- Chung and Rose (1967) - 50 - 80
Gunshor, Nobn76and Holt 4L - 20 )

(1968)
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B, Classification of Instabilities.

1. MHD.

This class of instabiiity is driven by the kiﬂetic ahd potential |
enefgy of the macroscopiémfluid.  for example, available energy is
associated wi;ﬁ plasma;rotation, shear in.the mass £ low velocity;

“and an effective gravitational or eiectfigbpoténfiél. This is
generally a large source of enefgy; Fluid instabiiities can 5e
derived from the well-known MHD equations. .Thé‘following MHD
inStabilities will be considered:

.a. Rayléigh;TaYlor fluté_inéfabiliﬁyls_zz
b. Rotationél fl#te instability'
c. Velocity shear »

i. Kelvin-Helmholtz20»23726

ii. Diocofrongq

'd. Ex B'neutralldragls—,l7

6
e. Screw’

£.- Ion-acousti¢81

2.‘ Drift.

Drift instabilities-are driven by thé,expénsionienergy of the
plasma, while charge séparation-is maintained b? the feiativévdrift-
ing of the ions and eléctrbns; ‘Dfift inétabilities can ofteﬁ be

~derived. from the f1uidve§uétions; when apﬁropriaée éssumptibns are
made. "’ Instability reqqires.finite pafalleL wavelength. ihe follow-
ing drift waves will be'considefed:

a. Resistive dfiftlz_la’sz.

b. Current convective83

c. Drift cyclotron83-85
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3. Micro-Instabilities.

The evaileble energy is contalned_in_deriatlons from the
MaXWelllan.velocity dlstribution. ahd ishéenerally‘releaSed by re-
sonant 1nteractlon with high-frequency waves. ATheSe:kinetic inSta-
bilities must be derlved from‘the more complex Vlasov-Maxwell equa-

tions. - The avallable energy, and enhanced transport rates are gerier-

ally small, however, and mlcxwy—lnstabllltles Wlll not be included

in our survey of lOthrequency (LF R Qi) instablllties.

C. 'Ekperimental:Eviaence!for-Wave_ldentification.
"Infpractice a weve cen”be.chsrecterised by.certaln experiméntallyv
measureble properties;' Forvexample, we considerrthe fine.followlng-
:‘experlmental parameters | :. | |
(a) Spatlal location
(b) Freqpencyv | v
(e) Direction'of-?ropeéatlon..
(d) ~Parallel wavelength
; (e) Growth rate
Many of the'instabilities mentloned_in section IV, B;:hare
merkedly differeﬁtxcharacteristics. Someyhowerer; have similsbvpro;‘
perties on all five:points. We - summarlze the propertles of:the
.1nstab111t1es mentloned in sectlon IV B as well as two experinentel
',1nstab111t1es, in- Tablejnfz The waveS'ere discussed in'section V. D,
from whic¢h we conclude that both experlmental waves have pronerties
31mllar to the centrlfugal flute and the E x B drag 1nstab111t1es.'
A theory whlch 1ncludes dens1ty gradlent,_centrlfugal and Cor1ollsT

forces due to plasma rotation in & radlal electrlc fleld and
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Table IV.2. Survey of Low-f{regueray Imst:—.,bj?jties.
. DIRECTION OF
WAVE FREQUENCY PROPAGAT IOK LOCATION _ k”
. k g/2q. ion . : '
o y i N . E  (max) ky = 0
'Rayle%gh Taylor | (ﬁ 5 kHz) diamagnetic T I
_ - kyg/zg; - 20.8/k .
. ) v °1 0"y , E  (max) - ky =0
_RotapLonal.FlgFe_ (< 50 kiiz) either T I .
S ky(Ec/B) 5 ‘ o
‘n_He o \ ad i In i k =0
Kelv:Ln rIe._m_holt_z (f. 50 kHz) | either d in EI./@I’. (.max) | ”
</ - » L '
. Diocotron Ppi 2 sither d In EI;/dI‘ (max) k” =0
| >> g,) |
B X_B_neutrél drag ky EC/B : either ’ Ef (max) . - k”'_ o)
(< 50 kHz) L ' '
’ - electron
.SQT§W kU, diamagnetic
Ion Acbustic k ¢ z
. ' z s .
: : . k KT c 6/ eB electron- S . C 5
Resistive Drift y e diamagnetic vn/n (max) _k”/kl > L4 x 1077
(2 50 kHz) : - A
. .. Yl k kT c8/ ‘eB electron - N o o
Current Convective - y e ~diamagnetic vn/n (max) 10 <« k“/kl-<< 1
' : nQ.; n=1,2 electron o/ (max) b '
~ Drift Cyclotron B . 4 y vn/n (max 1077 << x;/k, << 1
R (25 to 50 kHz) ramRgne e - 1771
- ion _ Er (max)
Experimental‘LF_ 2 kHz‘ diamagnetic. (R'= 5.0 cm) ka_= 0
' electron -E.(max) vn/n(max)
30 kHz diamagnetic (R=1.0 em) k” =0

Teer

o~
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collisions:with a cold neutrsl background gas is deweloped. in

section V.A under the name ﬁrotational instability."

, \ o
'D. Discussion of Possible Waves

I. MHD.

a. Rayleigh-Taylor Flute Insﬁability The centrifugal force

due to plasma rotation in a radial electric field, acting in the
'direction.ef decreasing density, ﬁill be shqﬁn in Section V.A to
be-an impdrtant‘deetabilizing influenee ih the HCDj Hudie identified»
one. low—frequency énstabllity in an HCD as the RaylelghuTaylor
centrlfugal flute. ! However, Raylelgh—Taylortheory as derlved in

the llterature neglects the 1mportant rotatlonal effect of the

Coriolis force, as well as colllslons with neutrals. These latter

effects cannot be ignored in the HCD. The Rayleigh-Taylor theory

Cwill be'modified to include Coiiqlis and collisiohalheffecfs,funder

the new name, rotational instability.

'b._ hRotational’Flute lnsfability. - This instability ihclﬁdes
most of the importaht effects present in the HCD, and provides a
good explanation of the experimental'results. See.sectioan.A.’for.
the derlvatlon and dlscussion |

c. ( ) Kelv1n-Helmholtz Instablllty The K-H instability'isf'

driven by the free.energy st@red in the relative mbtion Of'adjacent
fluld elements. Chandrasekhar derlved the dlsper31on relatlon from

the hlgh den51ty (cA / c << 1 ) fluid equations assuming & 2 region
v D o5 ‘
dlscontlnulty in the den81ty and veloc1ty proflles. He preSented»;

a good phy31cal dlscu551on.l'

ln 1965, Rosenbluth and_Simonvderivedva "radial waﬁe equation”
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which is;the startingApoiﬁt fbf.much'lateerOrk. - It was derived
by & finite‘gyroradiué:(FGR)‘ordéring of the Vlasov equation. Thé
radiél displacemeht eigenfunction_ié éompiex; and'uéefﬁlness is
limited to special cases.

'Stfinger and Schmidt generalized the work of Rbsénblﬁth and'SimOn
by making ﬁo‘initiai oidering assumpﬁions oh-the Viasov eqpation.2
By makiﬁg the ordering assumptipné Qf FGR, low density, aﬁd high
dénéity;.their results reduce tq.tﬁose of Rosenblﬁth and Simon,78 Damm
' e‘t.'al.,s6 and Chandrasékhéf,zs‘res?6C£iV61Y# o

In 1968, Hans ffesented a simple derivatioﬁ?ubeéinning with
the incompressible single-fluid:equations.eov He inclﬁded finite
.gyrdradius effeqfs(FGRE)r in the pressure téﬁso; ghd.collisions ﬁith'.
neutrals,and assumed & 24regioh diséontinuity in the velOcity to
obtain‘a:qpartic dis?ersioh relation. A'parametrig plét 6f the results
of numerical integr&tion,showé’tﬂat‘FGRE are stabilizing, while
collisidns With.neutrals-aré stabiiizingifOr:low»collision fréqpen-
cies.and destabilizing for large collision frequgﬁcies.

In 1969, Keﬂt;'Jen, and Chen identified thexedge oscillation

the;Q-machine as g KfH-flute.23 They begin_with Rosenbluth and
Simon's radial wave égpation, A 3-region solutioﬁ yielded good
agreementbwith theory and experiment for frequéhciés frop 5 tol7 kilz.
Alsé, ﬁeasured.wave amplitudes corrél;ted with calculated growth ‘
rates for azimuthal mode numbers m = 3,h,5._ They suggested futuré
improvements -(l) solver. the full quértigi diSpersion_reiation
instead of simplifying to a Quédratic;‘(e)'inclﬁde finite parallel
resistivity, kil %v 0; ahd-(3> numerically integrate. more reél-

istic profiles which would contain FGRE! and densiﬁy‘gradient drifts.
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Iﬁ'l970,>Pefkins.snd %assbyAlsoked for nbrmsl mbde solutions of
the,radiél ﬁa&e‘equation.? The effects of flnlte k ” ; finite v |
reSLst1v1ty, praVLty, den31ty gradlent flnlte uyroradlus (FGR)

. ion VlSQOSLty, and Veloc1ty shear’ wsre 1nqluded. They derlved
,analyti¢sintégrsl_expreSSibns_fos'thé thin shear-layér caéé% by
assumihérskjet:velocity profiie.‘.These anslytic résults yieldsd

_éood sgreement'Wiﬁh ﬁumerical integratisn of tﬁe radisl ﬁaye equation,
usiﬁg:éxﬁeriméntal~élec£ric'fisld and’déhsity profiles. Comparison |
of ﬁhebry'anaséiperimsnt‘yielded a'cohvihcing ideﬁtificafion of the

Q- machine edge 0501llat10ns of Enrlqpes, Lev1ne, and nghett187iés

the K-H Lnstabllxty ,It is 1nterest1ng.tg observe hOW'the K-H .
flute goeS.Over~+o a-résistive.afiff wa&e as.kl’ isiissreQSQd..
Hudis and lesky used the results of Perklns and Jassby, and
of Kent Jen, and Chen to help 1dent1fy!a K= H:lnsﬁabrlltyyin an HCD. 7
Ry numerlcal averag;ng over radlal plasma and wave profﬂes,-they
were able tovconclude fh&t-shear”in thevradiai.elestfic fisld.profile
was‘suffigient tovdestaﬁiiiZe a ﬁormal mode‘K-stsve,
Ih‘the.present‘experimsnt, the‘frequency, rotation-direction;
and,flutefﬂikesstructure.of the'K-H instability are cbmpatibie |

with both experimental waves. Howeven the Kelvln-Helmholtz 1nstab111ty

: _Wlll be ellmlnated from con31deratlon here, s1nce both experimental

waves occur in regions of’ large centrlfugal force, and low veloc1ty—
shear. ) v o ' . | _ e
c.(ii)’jDioCotrohr . The Diocotron instability is'applicablevto

- the case of low-density ( wbé << Qé ) velocity~-shear, when eddy,

-.currents form);gThé(Dioéotrén instability will be eliminated because
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it is applicable to lower dehsity plasmas; and the predicted frequency
is much higher than those observed.
d. ExB neu@ral drag. In 1965,Simon cons1dered a partially'iomued

. _ _ 15
plasma in crogsed electric and magnetic fields. He used a 3-fluid

slab model and showed that electrons and ions drift at different raﬁes_

: ! R 02 2 '

due to collisions, vy o= (Exc /'B) [Q /(l + 9 _in Y.
Instability was shown by means of the.”RosenblutheLongmire".pictufe
only if E + Vn > 0.88 Other mechanisms which caused differential

drifting of.the ions and elecfrons, such as,diamagnetic drift and
effective gfavity;'were hdtvcdnsidered.. . A

_Hdh included ‘these Hall dgifts in a 3- fluid treatment but could '
not get an analytic solution : A diSPer81on relation'was obtained
hby dimensicnal analy51s.

In 1965, Morse modified the E x B neutral drag theofy by intro-
vducing a "corrected” electric field, which included density and plasma
potential gradients, E_ = E 4 ey [‘Ql 1n/ . en) T, - Ty .] s where
ﬁxn is the negtrai'colllsion time for spe01esa.l7 Instability can
now occﬁr even for E:; V n<0, a fact Morse used to identify a
2 kHz oscilletion in an HCD.

The‘predictions of E x-B heutf&l.dmagxtbeenyzwﬁeefydﬂdexperimenhalv
data, at least qualitati?eiyi 'chever, ignofed are rotatiohai effects.'
éuch aS'centrifugal and Coriolis'forcesgbwhich-arevimpoftant in the
present'experiment:‘ Since numericai eolutions afe fequired in
eithef case, We.will atteﬁpt a8 more completefﬁhecry in order tc“ :
include several effects simultahéously._ Although the ExB brag ’

theory contains some of the_physics'involved in the present exper-

iment, it is incomplete. Hence, the £ x B neutral d¥ag instability



~44~

. will befréplaced W1th a theory Wthh 1ncludes dlamagnetlc and

grav1tat10na1 drlfts as well as rotatlonal effects.

er' Screw : The Screw 1nstab111ty w1ll be ellmlnated sinceethere
is no ev1dence in support of a finite parallel wavelenvth or any.
screw-llke structure.

. :Ion-ACOHstic{ | Gunshor,_Noon;'and"Holt reoorted an ion-

acoustic wave in an HCD, with a frequency’range'h:t020 kHz. - The

wave propagated at an angle with respect to the axial‘magnetic fielad,
and was observed to be a standing wave in the axial direction.

Identification was obtainedfby studying frequency dependencehof the

wave on the system lehgth_and the atomic mass}' The ionsacoustic

instability will be eliminated here since there is no megsurable

| travelling or standing wave along the magnetic field. -

2. vDrift Waves.
Drlft waves are cons1dered as a- pOSSlble eXPlanatlon for the
hlpher-frequency (HF) wave, which is located at 8mall-rad11, in

é-large density gradient.

(a) Resistive Drift;v The resistive drift wave is driven by
" the expsnsion energy in avdensity grsdient “and is dest&bilized'
by finite parallel resistivity' The re51st1ve drlft wave was reported
in and HCD by Chung and Rose, Aldrldge and Keen,.s5 and Gunshor,
| L 76 | |
" Noon, and Holt. .
Hendel et. .al. showed that ion-ion collisions are stabilizing.
Chen showed that small amounts of axiel current (~ lO\umgm )
locallzed on the -axis of a. cyllndrlcal chamber, such as the prlmary

arc of an HCD, can‘provide:sufficient'magnetic shear tO'stabi1ize
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certain-iocalized drift modes.

Resistive drift theory is incomplete in its application to an
HCD, since impoftant differential drifting mechanisms such as cen-
trifugal graVity and collisions with néutralsare negleéted. We elinm-

inate the resistive drift wave here, since there is no experimental

evidence for finite parallel wavelength, and present a more relevant

theory including rotetional and collisional effeCtsf.

(b) . Current-Convective iﬁstability. The current-convective

instability is similar to the resistive drift instability, but is

destabilized by parallel streaming, such as in the primary arc

column in an HCD. However, Landau grbwth should‘not be expected

1k

where collisions are important. We eliminate the current-con-

vective instability on the grounds of parallel waveléngth and

collisionél effects.

(c) Drift Cyclotron. - The drift cyclotron inétability is also

destabilized by parallel streaming. Chung and Rose -~ identified
an electrostatic lon-cyclotron instability at frequencies of 50 to

80 kHz in an HCD.75 However, we eliminate the drift cyclotron inste-

bility since the meaéured frequency is too low, and not a multiple

. of Qi.
3..Summgﬁya

- We épncludé that.thé tﬁo ekperimental waves ‘are most.consistEnt
with the Rayleigh-Taylér cehtrifugal flutevtﬁeory,.ahd'with the E x B
ﬁeﬁbralitag imﬁmlﬁlﬁw; which.are;bbth dfiveh by_plasma'rotatién in
a radial électric:field. In sectioﬁ V.A. we deVelqp a théory for |

the "rotational" flute instability, which includes the:effectsof



=46~
density grﬁdient, centrifugal and Coriolis forces due to plasma

rotation in a radial_eleétric fiéld,‘and éollisions with neutralé.
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- V. THEORY

A. Rotational Flute Instability.:

1. Introduction

The plasma in the diffusion»regibn of the hollow cathode die~
charge (HCD) is rotatiﬁg in the presence.of a nonuﬁiform, nonanbi -
polar; radial electric field, which is discussed in sectioﬁ VI.A.L.
Under such conditions, with tﬁe centrifﬁgal force treated as an‘effec—
tivelgravjty, é,voppqsing the.density gradieht, g:Vn < 0, the plasmal
may be unstablevto the Baylelgh—Taylor centrifugal flute instability.
As will be ehown, the plasma may be unstable even,for.§~Vh > 0, if

the’radlal—velocity shear is sufficient.

dA_eompréhensive anddanalytically useful theory including

simultaneously the effects of E—fluid compressibility, finite
gyreradius (FGR),rion inertia,‘éollisions, and Coriolis force
does'ﬁot exist.l.Howeyer, most of these effeets have been treated
by various authors, and‘will e diSCdSsed here. A useful and |
cimple derivation by Roberts and Teylor (1962) will be modified

ip seetion V. A. 2 to include the Corielisvforce, collisione‘with '
neutrals, and an ion sink term.*® e reﬁainder of this section is
deroted‘to a historical and conceptual sur&ey of'recent work.

In 1954, Kruskal and Schwarzschlld presented one of the

earliest derlvatlons of the grav1at10nal instability, which is
>somet1mes named after them.89‘ In l957, Rosenbluth and Longmire‘
treated a noncompress1ble, 1nf1n1tely conductlng fluld model

w1th a ﬁkwp fluid- -vacuum 1nterface§8 »and calculated a purely

growing wave w1th the growth rate v = (gk) 1/2

. In l96l, Lehnert extended the work of Rosenbluth and Longmire
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to afbitrary density stepe af the interfaceFX) ‘His results show
;ﬁhat.nlesma stebility can be mainﬁained for ngh’<'o, provided the
 density gradient is sufficiently emall; FGR stebilization‘is aleo
calculated, but»incorrecply;

” Rdsenbluth, Krall,‘anchoéfoker.correctly treated FGRE begin-
nlng Vith avemall g&foradins.ordering of the Vleson equation.go
 They worked in ﬁhe zero electric field freme. (HOWever, we can
ltranslate to the more useful drift frame by addlng the Doppler
Shlft V /B 2V6 + g/g . In this frame for a slab model, thelr
d1spers1on relation-ls equlvalent to a? +'(2v5k + gk/Q.)m~+’g6 =»O,

w1th solutlon for the frequency Q : l (2v6k + gk/g ), and growth

rate y = (gér 2)1/2. In the above, V=752 Q '1s a COlllSlOH-
less v1scos1ty, the inverse dens1ty scale length, & = - Vh/n > 0;
ay =v /Q is the ion gyroradlus, g = VG /R is the centr;fugal

»grav1ty;-and k is the perpendlcular,wave nuiber. The flrst'term
in-the coefficient of o in the dispersion réiafion is the FGR |

) term, while the second is the D-fluid gravitational effect. The
fact-that‘the growth‘rately ie reduced from that of earlier calcu-
lations is also'apparent,_sncwing‘FGR stabllization,‘ Apﬁlication
tevcylindrical_geOﬁetry results‘in Whltnaker’s:equaﬁien?e Tne
soluﬁicn ls‘guantized; and is bnly;nfleﬂly discﬁséed. |

19 has cast doubt on the treatment of

Snbsequently, Lehnert
Rosenbluth Krall and Rostoker. He used a 2- fluid model and
‘ included compressibility”in the equatlons of contlnulty;(FGRE),_

but inconsistently ignored off-diagonal elements of the pressure

tensor. A term exactly cancels the FGR stabilization reported by
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Rosenbluth; Krall, and Rostbker, leaving a residual stabilizing"

term reportéd earlier by Lehnert.go

'In 1962, Roberts and Taylor used a one-fluid model to vindi-

cate Rosehbluth, Krall,vand Rostoker.l8 They Showed that Lehnert's

work was equivalent to including FGR compressible effects in Ohm's

1aw.19 However, they_inclu&aiFGRE in the ion pressure téhSOr, as
calculated by Thompson.93 The results are in agreement with

Rosenbluth, Krall, and Rostoker. Lehnert's result can be obtained
by setting the viscosity v = O.

Lehnert introduced the Coriolis‘force in the fluid equdtions

and obtained the following‘solution:QQI .= - % mQOK +
% QO(mQK2 + hx)l/g, where m is the azimuthal mode number,

Q = VG/R is the angular fluid'rotation, A= (11;.290/Qi)3vh/n <0,
and K = 9,/2, + 2\/n°. The first term in K is the usual 2-fluid
gravitatidnal effect, independent of fhe direction bf rotation,
while the second term contains the Coriolié effect. For small
rotati§ns the frequehcy is increased, aﬁd the growth raté reducéd
for QO_< 0 (ion}diamagnetié difection);_ané.the frequency is
reduced and the growth fate increased for QO > O, ~ The Coriolis
force contribuﬁion is prdportional'to,the density gradient.
Léhnérf made anvinterestiﬁg comment baSed'on the.form of-tﬁe_

ion momentum equation, nM %% =‘nq(§ + vV 'x B) + nMng + onMv x @
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He rémérkéd that the Coriolis force term, lastvﬁérm,vCan be pom;
' bined with the Lorentz force term tp yield an effective magnetic
fiéld for:thé ions, g* ;.E +’2Mgb/§; v.: | ‘This causeé an addi-
tionai iop drift, and hénce chéfgé]Sépara£ion. As ih previous |
work,'Lehneft trea£ed‘?GRE incofréctly;'”

Tn 1965,'Rosénbluth and Simon‘shode the valddity of Roberts
and Taylor's ﬁethod by'devéloping a.set vasingle—fluid equations
-frdm'tﬁe:FGR éxpansion of the Vlast'equation.78, The résulting
gquétions'afe identicdlfto"ﬁhdse used by RQbefts ahd Tayior,
éxcept for”a térm inyol&inglthé divergence éf fhe diamagnetic
drift.vequity,)whiCh vanishes for uniform tem?érature, kT;, and
density gradient, 8‘='- Vh/n5‘ A'radial waveuequafion was déﬁel;
oped, f}om which.a Quadratic'inﬁegral expfessioh3for ?he cqmpiéx'
eigénffééuencies results. Howevér,;the radiél displacement eigen-
'fUnétion.is in general complex, so that direcf-applicatioﬁ is
limitéd tovspecial'casés. | L

A éuggestion'ié-ﬁenﬁioned'by Bogdanov et.ai;, conjecturing
FGR étabilization of the g}aﬁitational'flu%e by fixing the pbten—_
btial on Varigus rédial énd—rinés.?LL .Sinéeian ion wili drift at a
reducéd,velocity,“

;B‘ 1 a.2- 42FE. _
= Z ¢ 4 =2 —= x Be

X
Vi = - - X 3C ,
R R i

B
-0 .

due to FGRE, choosing dego/dx2 properly'Can reduce the effect of

rotation.

Chen preSented:a phyéiéal‘picture‘showing clearly(thefeffectsv



%t

o1

of ion;inértia, FGR, éravity,.parallel wavelength, and dénsity
gradient.95, In particular he showed that fdrvan ﬁnstable gra&i-
tatibhdlbflute, the density leads the potential fluctuations by
the phase>w'= 180 to 270 deg; whereas for a fesistive drift wave, o
ﬂ = 0 to 90 deg. Thié picture does not include heutral collisions
or the Coriolis force, which wekshow in Sec. V. A. 3 can cause

phase shifts ~ 90 deg. The resulting ¥ = 90 to 180 deg is in

better agreement with the phases-measured for both experimental

waves.
In 1966, Chen extended the work of Rosenbiuth, Krall, and

Rostoker to larger E_, finite k”,vfinite'resistiVity, and arbi-

2l

trary Ti/Te.' He considéréd the 2-fluid equations in cylindrical

.geometry. The presence of a radial -€lectric field, Er,'produces

: centrifugal and Coriolis'forces, and they'are not' introduced

externally, as in most previous calcuiatibns ih slab geometries.
On transforming variables, he obtained Whiﬂtaker‘s equation{Q

?he solution for kH;=UO,.smallvrotatiQns{ and Ti f Te égrees‘with
the résults of Rosenbluﬁh, Krall, and>Rostokef.9l The solutibn ié
difficult to interpref due to qﬁantizatién of the radial mode
number, but some insight_is gleaned; -for iﬁstance,_Chen'observed
%hat the sign of the éoriolié force causés an ésymmetry in thg ‘v
fréquéngy ana stability condition, whereas the centrifugal force
is indeﬁendent of the_directioh‘of.rOtation, as mentiQned’earlier
in_Léﬁnert'é ﬁork.eQ- He also showed that»thelCoriolis force is”imj_
portant for sméllvradialimode humbers,thereés FGRE are more

important for large radial mode numbers. The radial dependence
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becomes Quantiied in the‘solution of whittaker'squuation,sand
determlnlng what radial mode number to use llmits present appli—
'cation of'his results. It does appear to he closest to 81multane-
ous cons1derat10n.of FGR and cylindrical effects. .

' Byers added new 1nformation by nSing'a nonlinear;'two—
‘dimensional, é—flnid compuﬁef mddé1538‘ The parameter wg/y is d
con51dered -where wg gk/QQ 1s the QQfluid differential drift
frequency, and y = (gb) / is the s1mple growth rate. Linear
theory predicts stabi]ity for wg > Ve Phys1cally this means that
the differential drift.of ions.and electrons causes the density
and Ve1001ty fluctuations to drift.out of phase and stabilize the
wave, before the wave can grow 1arge on the 7y time- scale. In
particular, Byers showed that for wg /7 = l/h,_the.Rayleighe
Taylor wave-grew unbonndedbto the*walls,:bnt-for ag?/72 = l/2,
thevwave satnrated at finite_amnlitude;'after initial growth. Tt .
would'be meaningless to’iﬁfér a sharp cutoff for‘nonconfinement of
~the R-T wave around aé /7 1/2 but based on this 51mple model

- we predict a large amplitude, nonconfined R-T 1nstability at large'
% o :

‘radii.‘ In the present~work we 1ncludevthe effects of plasma_rota-
tion,-collisions with:neutrals, FGR; and ion inertia to calcnlate
a mére_relevant stability‘ratio;-y/gf,,of the order unity at.large

. radii; wheré-theacomplex frequencyAw =er }.iyf |

In 1967, Stringer and Schmidtg& generalized'the'work of

78 25 ey |

Rosenbluth and Simon and.Chandrasekhar. They‘derived a set of:

;o

guiding center ‘equations in the presence of a nonuniform electric'

field,vmaking no initial ordering assumptionsf The usual - FGR .
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ordering then reduces théif_result to the previous result of

78

Rosenbluth and Simon. ' Reordering for the high density case,

25

2,2 . o S .
cA /C << 1, yields the results of Chandrasekhar. In particular,

from their wave equation they found thatxavneCessary, but not suf-

ficient, condition for instability is that the"Richardson number "
- ' - o e )

J = (gvn/n)/(av/ax)” < 1/4. Note that instability is predicted

for g-Vn < 0, the usual case for gfavitational instability, and

that instability may also occur for g-Vn > O, for sufficiently

large velocity shear, dv/dx.
Chandrasekhar derived the Richardson criterion physically by using
an eﬁergy variational principle épplied to the interchange of two

adjacenf fluid elements dp, located at x and x + 8%, with velocities

5

'V and V + SV.E The work required to effect such an interchange 1is

sW (- g dp Bx), while the>change in kinetic energy is

) - 2 : ' 2 '
_% D[V- + (Vv + SV)2 - % (V.+V +5V) ] = % p(SV)E. A necessary

insfability condition, Based on simple énergetics is dE > dW, or

OE

P o1 ' o .
«T=(8H6Ak9/(dV/dX) <p +' This can be put in & simpler form, by

1dv . -1 1ldn -
73X and Ln = o AR gnd the fact

using the scale iengths LV-l
that the centrifugal gravity g = VQ/R.' The reéﬁlting instability
coﬁditionfis J = Li/LnR-< %, which will be anofhér useful parameter _
for Qave identification. Note thét the Richardson mumber is the ratio
of gravitational energy to velocity‘éhear‘energy, gvailable to drivé
an instébility. | |

Tn 1968, Hane ipclgdea collisions with heutrals in a "dusty"
fluid modelfeg By assﬁming a‘dénsify diséoﬁtinuity.iﬁ é unifofm

gravity and magneticvfield;vand matching solutions at the interface,
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he obtalned a cuhlc dlsper51on relatlon FGRE are'included in
the pressure tensor, although the flu1d is 1ncons1stently con—.
.sldered to bevlncompr0351ble. Numerlcal 1ntegratlon of the cubic
dispersion relation_shows‘that;neutral,collisions'are stabilizing
. 4n a R-T confiQUration; . o B
| Bhatla extended the work of Hans to 1nclude ah”stratlfled"'
'dens1ty, o(z) = Oeszzgé;and magnetic fleld B ( ) = Bl2 Bz

11s1ons;w1th,neutrals»are found to be stablllzlng_for propagationv_

. COl-

trans&efsé to B, while barallel‘propagationvis unaffected.
In 1970 Arlel and Bhatla con31dered the effects of FGR and
97

~the Corlolls force on a slab fluid model The Corlolls force

was 1ntroduced in thevequatlon of motlon, as uggested by Lehnert 22
: NUmerlcal results show that FGRE are stablllzlng, in agreement w1th
_earlmer,predlctlons, whlle:the‘Corlolls force can be elthervsta-' -
hiliaing or destabilizing, denending on the‘magnitude and.direc;u
tlon of plasma rotatlon. ' 2 | |

In Sec. V. A 2 we develop a 31ngle fluld slab theory whlch
includes many of the effects whlch we cons1der 1mportant in an
HCD.- An arbitrary den81ty gradlent is 1ncluded Wthh corresponds
‘ toﬁthe actual'measured profile. A centrlfugal grav1ty due to
plasma rotatlon is 1ncluded and the Corlolls force is 1ntroduced
according to Lehnert,22 and Arlel and_Bhatia.97 FGRE are‘lncluded
in‘the pressure tensor, consistent witheallowing fGR‘comnresslhlev
Veffects in Ohm s law, as p01nted out by Roberts and Taylor.lslvwe

also 1nclude 1on—1nert1a and collls1ons w1th neutrals.
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The Fluid Equations

1\)‘ .

1

We'write down a familiar form ef'the,single-fluid equations: -

dv

P HE_E PV = pe§ +JxB-Vp-VP +IE."°Vipz T (5.1)
ap : ] | y i
3t ‘("X) =S ‘ (5.2)

m 4y Vb, : | |
=E+ (v-J/ne) xB+—"=-1j (5.3)

dt ne

This set will be closed in subsequent approximations.

~a. The Dfift Approximation.v Theee_equetions reduce to those

-used by _Chen1 to derive the resistive "universal" overstability
if we assume: (1) gquasi-neutrality, P, = 0; (2) no ion sink, " .

S &~ 0; (3) low ffequency;'w Q, << l neglect electron inertia,

dJ/dt dE/dt = 0; (4) cold 1ons, neglect v1scos1ty{ P = 0; (5)
fully‘lonlzed,vvi = 0; (6) no additional body forces, F = O

(7) no zero-order electric field, EO.” O and (8) nearly perpendl-
cular propagation, k” /k l.v »

b° The Grav1tat10nal Kelv1n—Helmholtz ApprOXLmatlon. With

different assumptions,»the fluid_equations reduce nearly to those -

used bj»HansQO ih.derivingvthe K-H and R-T instabil;tieeu In this

case we assume: (l) qpasi-neutrality, Pe ~ 0 (2) 10 ion

eink, S = 0; (5).iow;frequen¢y,'a/gi << l,'neglecﬁ_electron

inertia,.di/dt = dE/dt =.o;_(h) FGRE.ihcluded in pressure tensor,
(5)’Coulomb collieions neglected, n = 0; (6) an effective

grav1ty, F= pg, and (7) 1ncompress1ble flu1d V. Vl ; 0. |

The dlfference between our equatlons and those of Hans. is

that we-have assumed cold neutrals;vand that we allow a compressible

fluid. Hans solved for the X-H and R-T configurations by assumihg
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a discontinulty 1n the - fluid veloc1ty and plasma density, respec-

tively Solutlons were matched at the interface to yield the

disper51on relation

e The Rotational ‘Ai)p_roxim;ation and Solution. Now the
derivation of the expressions‘fon thé,rotational:instability which
we will use is presented. -'FGRE and gravity will'.be included fol-
.low1ng the mathematics as presented by Roberts and Taylor.l8 |

' However, the Coriolis force due to uniform rotatlon will be intro;

duced in a slab modeT as in Eq (1) of Lehnert. 22

An effefiuve source tenn 3, is 1ncluded in the continuity equation
“to show theoretically the effect of linear feedback 33 55 In practice
ihowever, linear feedback applied to the end- ring electrodes changes |
the axial boundary COndltlonS- 98- lOQ\ The potential changes due to ;
linear feedback are shoWn_todbe equivaient todan ioh-Source in the
v.continuity equationglthereby'gfeatly:simplifying the-mathematics.'
Pfater 99‘andeunkei‘and‘Guiiiorylgo.included a'sourcevterm in
the linearizedinanticle continuity eQUationsdue to‘cufrents tovthev
caxial boundaries, (V” nvp) V, where the brackets 1nd1cate averaging
over the flux tube volume,_V. Follow1ng Chen,98. they found the axial »
boundary currents as a function of density and potential variations, |
'and used ?01sson s equation to obtain a local dispersion relation.
For a hlghly conducting sheath stabilization of the interchange :
.1nStab}litY is shown theoretically and experimentally, as'charge
ddrainsvout_thehends faster than it accumulates_due to the instabilityﬂ
In the present egpepiment, where transverse_ion transnort'doninates:-
‘electron transpoft, cufrent.to.the-akiaivboundariesfnust bevbalancedv

by transverse ion currents due to changes in potential. Charge con-
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T
servation reqques, q V”.ng” +eV. nv_L = O, ‘The resulting ion

,l.:?.

= (3/3t + v-v)A

source téerm is dpprox1matedMﬁ;§ o v‘ Mi¢ijf . M»@J'
TR N R R AT L e e T
whefe j”_is the aétﬁai'feedback-odntro]led curfent to the wall.
Assume:
(1) Quasi;neutrality, P = 05 | -
(2)  Low-frequency, @/Q,, mﬁmﬁe <<'1, negléct electrqn
inertia, dj/at = AE/dt = O;. | | |
(5) Low B < (m/M)l/ - B= Boz umform, VxE-= o:
(4) resistivity negligible, n = O; '
(5) 5 = - Vn(x)/n(x) = coh&tant; 
-(6). High density, cA2/62.<< l;v 
(7) day, ka, ‘<<-'1”;' |
- (8) mo z-depénd@nce;
(9) V-E é - Y\, according to Thompson;gg
(10) ‘Centrifﬁgal and Coriolis forces, F = gg‘f_ggz X Q3
(11) Linear feedback éleétron sink, § = dpi;f
(12) Negligible temperﬁtpre~gra§ient effégts,.z i; g <1
where | |
vooE % aiQQi is the collisionleés viscosity;
a, E'vih/gi is the ion»g&rbradius; |
VA= - VP s the dlvergence of the collisionless pressure tensor
P. = n(kT + kT ) is the scalar pressure o
Qb‘? QOQ o is the unierm'rotation‘frequency,’
g = gQ = cdnSt; . 1s the effectiyegcentrifugal gravity,
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NI VE [p(av_y_/a;;g avx/ay)] - 33y [p(av, fax - bvy/ay)]

= [ e(av,/ox + avx/ay)]. - a/_ax [é<5j*x/5x - vy /)

‘The MHD fluid eqﬁations’reduce to: k
OV - 3 xB-Vp+N+eg 20V x - ey, v (5.4)
o ' ' ' v?é . . .. C ’ '
 E+VxXB= g/ne_x,g + 0 - — . ' e (5+6) o :
- We will,aLSO'heed:éne;Of Maxwell's equations:
EERE L ag o | | , » o
VxB=brje—. | S S G
- 4. . at - ..' . .
Substitute Eq. (5.7) in Eq. (5.4) for j: |
v = = V(p + B/BT) + pg + VA + 20V x Qg ©(5.8)
where .
- - hd lnf v .
Substitﬁte[Eq. (5:4) in Eq. (5.6) for J x B
Py L N T T = P T |
E +vX x E " ne Yt e VP ne ne A ‘ne (X X QQ)' _(5°9>
Roberts and Taylor'claimed that keeping the Vpi/ne term and -
the vé/ne'tefm in Eq. (5.9) leads to & negligible correction in
the re§ult. The Vpi/ne termvis hegligiblé for'vDiE (kTic/eB) 5 << - -

€/Qiié,fg’ which‘ig'a gbod approximationvinkﬁhe p?eéent experiment,

except near the*regigh;whére thekradial_elecfric fieid phanées
Vsign,'ﬁHowever, no wave iS'locélizéd°in this reéion of smali
plasma rétation,-éo.the negiectvof Vpi/he.tgfm'shoulq‘sfill ber

‘valid. 'The,vé/ne term leads to terms iO(aiu/LF),_which we neglect.
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Take the curl of Eq. (5.9),

;; _ P T 2p
VXE-B/ry=—=Vxy = Vxg+ oo gO(V~V).

Define an effective magnetic field,

‘ : 20Q 20
B =h+—=B|1+— o)e‘@, |
ne Q5 _

due to the Coriolis force as does'Lehnért, 2 and rewrite:

v

: p . o . L] ‘ . .
 2(?-2) = - x Vx v = - i¥ vxv'. . (5.10)
- neB ! 9
Note, had we neglected compressible effects in Ohm's law,

Eq. (5.9), we would now have an incompressible fluid, v-v = 0.

Take the curl of Eq. (5.8):

7 x (pv') = p(V x v') +Vp x i’_= Wb_x g + W xA - QQOV-(DX)V
| | (5.11)
Now, assume perturbations of the form fl'=_fl exp[i(ky - wtﬂ

and linearize Egs. (5.5), (5.10), and (S.ll) about equilibrium:

"Eq. (5.5) becomes,
(e - o)py - Bpyvy,
0 by a Galilean +transformation to the

+ 1kpgv, o+ ke Vo = 0. (5.12)

We can take V =
. oy

driftiné frame.

Eq. (5.10) becomes, . ‘
. 1

| . o'k : w' i co
: . -<1kviy = ;¥— Vygr ,Qrv.. v1y =-1 5¥ Vi . : (5.13)

Eq. (5.11) becomes, -
v, aykly_, E(Lm + 0 )Qopl o

;—ikplg - ikvxlx
| (5.14)

1“ - 1"
va Spoviy ‘m kDOle



-;6o-v

- where' = o'=w+ iv,.,  .and o e
: ) .in - . in. -

t . .
We now need:

1

| 3 | 5 | o
My T 7 AEbRGYy - ke vy (5Tl5)

xly = 5 pole - 1k8povlyf | o B (5.16).

Shb stituting Egs.. (5 15) ana;(5.16)'into‘(5g1u) and collect- .

ing termsf

-.l[kg + 29, (' —;iq')]_—i + i(w'k -,2v5k20.le
S P N T
o .

* [‘“6 - Qk;(?g - 5] vy = 0 (5:17)

2 2

.The last term in Eq.-(5 17) is ~ 0(k , 62ai?) and is negligible .

 for small gyroradlus.

The coeffic1ent determlnant of the set of Fqs. (5-12),_(5-15)1”

and (5.17)must vanlsh,-ylelding the follow1ng dlspersion relation:

, 5 5 g's \ kg o _25205_/\ .
@' =1 = 0"l + 1 — ]+ @'[— + 2WBKA - —— + ig'
: ' kQ I ey L T

_gBh - ic‘A(EvSkv-,QQOS/k) 0. (5.18)

The cubic term is ~0(w/Q ) and may be neglected for low fre—
quen01es (m/g << l) 1n order to compare our. resultb w1th earller

' work. If we also set Vip = O =;Oz_we get

v:27'- .kg o easny o e

. j o7 . : .

& - a>\—— + 2VSKA - }&-gSA . | (5.19)
. | MR R | T

i .

‘The first term in the coeffieientvof,m_is"the 2-fluid gravitationaiv

I3

effect, the second term shows,the effeet of fiﬁite.gyroradius, and-
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the third term is the contribution due to the Coriolis force.

This:is exactly theirésult of Roberts and Taylof.for QO = 0.18

= 0, our dispersion relation reduces to the earlier

19

For v = QO

work of Lehnert. Ana‘iﬁ‘the limit vy = O, our result reduces to
Lehnert's woik with the CQriolis force iﬁcludedieg- The present
disﬁersion relation isvconéistent with previous work in the
appropriate limits, léadiﬁg‘us to believé'that the éffects of FGR,
ion inertia, fluid compressibility, and the Cofiolis force are
consistently included.

Inlﬁhe present.work, the cubic dispefsion reiation, Eq. (5.18),
will be.édlved numerically usiﬁg NeWton'S‘methbd for the wave fre-

quenéy and growth rate.

3. . Calculated Phase Relations

In order to derive an expression for enhanced convection due
to cbherent low—freqﬁency waves, we will see in Sec. V. B that
certain phase information is required.: Readily measureble: is the

phase, ¥, between the density, n,, and potential, ¢,, fluctuations.

1
What 1s needed is the phase, A, between the density, ni, and

velocity,vl 5

ating azimuthal electrlc field, v —'EEGC/B = - iklwlc/B, then

fluctuations. If the velocity is due to a fluctu-

the phase. relatlon is 31mply =N+ W/E

In practlce, the ve1001ty fluctuatlon may be strongly affected
by colllslons and the Coriolis force;_ In thls case,'the phase, P,
is no longef meahingful,ihvterms ofvcalculating an expression for
'enhénced convection,-since the radial,&elocity ;s,no longer simply
related to the pdtentiél'fiuctuation by T/2.  The measured phasé;.

¥, is shifted from what we would predict from-a simple physical
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pict'ui‘e' in tlle absence,o..f c'olli:s‘ions and'Coi'icl'is force.i There-
fore,_ln this sectlon we calcnlate how much the phase, w,'is
shlfted due to colllslons and Corlolls force.‘ pomparlson wlth
experlment is dlscussed in Sec: VI. A 6. | |

we flrst calculate the phase, A, between the den51ty

Vip’

. fluctuatllons. ‘Su_bsti'.tut'ing
- (5.13) into Eq. (5.12), and collecting, we get

n=n /n = l/po,.and yelocity,

vvlr_; il = 0™ 5 S T “-f.' - (5.20)

whe're 5 = l(i.wl' +. c')/'(k('n'-/sz —6), the magnltude o= 'Bl,and 'th_e_'.»
'pnase A'Eylt‘an ) [Im (B)/Re (B)] | |

‘I'n_order to calculate the p_hase, P, b‘etween the de-nsit_;yr and'
potential fluctuations,.wexmustlccnslder a:tno—fluid,plasma‘model,
: 1nclud1ng coll'is'li‘ons'-wi.tn cold“neutrals. Ratner than solving thé
' fu.ll two fluid system, 1nclud1ng Poisson's equatlon, we can sunpllf‘y
the mathematlcs con51derably by us1ng the solutlon of the 51ngle—
fluid - dlspersaon relatlon, Eq (5 18). The two treatments are
equlvalent except for the use of dlfferent varlables -

We now ‘calculate an express1on for ‘the den31ty in terms of

the ‘potentlal fluctuation u51ng only the vequatlons of motlon and

contlnulty for the ions. 'I‘-hese we w_rlte down:

in—ne(E+va)—kTan+nlM1g

4._ 2n1M1-Y-1 X QO . nlMlvl!!!Xl - (5.21)

R I 2

where 2 = gzO'z\ is the azimuthal plaama .rotaticn frequency .
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We can combine the Coriolis force term with the Lorentz force

-term by defining aﬁ efféctive magnetic field,.B*‘E BA, where the
term, A = 1 + EQO/Qi, includes the Cor.iolis'effect._22 |

Conéider the zeTOrorder,‘steady-ététe form éf‘Eq. (5.21) in
the drift frame, where V, = 0,

» Vno' :
eE, - kT, — + M;g = O. e | (5.23)

%o
We now want to linearize, assuming first-

order ?erturbations of the form, exp i(ky - wt). We assume

1y
n= nl/no; Linearizing Eq. (5.21), we get

E =¥ik$l, and define o' = + ivy ,8 = - (1/n) (dn/dx), and

o o
O Vx T Agivly

+ n/Mi(eEQX‘$ KT.5 + M;g), o (5.24)
where:the last term vanishes aécording-to Eg. (5.23). And,

ke®

T Tt T M o (52)
. i .

The equation of continuity yields,

- don + 1kvly f.Sle = 0, _ o (5.26)

. i = ! © = . . = .
We define a = o /AQie_@ = ewl/kTe, Vpe = kTeS/eB, and solve

| Egs. (5.24), (5.25), and (5526)_to get

n o kv, 1 - ok/s . _
= DB : . v . ‘ v (5'27)

Aw 1l-a

G2l

For low frequencies, growth rates, and collision frequencies
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a << 1, we get-a simple relation

n. kaé' _ : o
"‘\"‘-—i P} O!<< lo . . N ] » . | (5028)
) A ' S

- We summarize the phase properties of Eq.'(5;28) in Table V.l.

-

/

Table V. 1. Phase properties for no collisions.

Frequenéy Growth Rate Propagation Direection  Phase

>0, >0 - electron-dismagnetic  0° to 90°

<0 - >0 ion-diamagnetic =~ = 180° to 270°

These results are in agreemént~with those obtained by Chen from
a simple physical-piéture.
If, on the other hand, the collision freQuency'is.sQ_large that '

a = i>v. /2.A >> 1, then eq. 5.27 becbmes,
“in"T1 N . '

-E‘ k v k ‘ Q2. o DR - . .
=o=si — - 2 ax» L (5-29)
@ » ' 8 Yin . -

We observe that the phaée is shifted 900“frdm the caée‘in Table V.1,

and>preSent'the ?hase propertieé of eq. 5.29 in Table V.2.

- Table V.2. Phaée properties for large collision-freqﬁencies..

" Frequency Growth:Raté r,Pfopagatioh'Difection‘1' Phase

>0 - >0 electron-diamagnetic.  90° to 180°

<Q | >0 " don-diamagnetic’ ~ 90° to 180°
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The actual case lles somewhere between the two “ The result is

that we have an expreosion w1th which we can calculate a phase shift

o, between the density, n and potentlal, ) “fluctuations of

l J

up to 900, due to collisions‘ahd'the Cofiblis force. Phase calcula-

tions using typical plasma parameters are discussed. in section VI.A.6.

B. Transport theory - summary.

In the_ébsence of local ionization and recombination, thé fadidlb
plasma dgnsity profile ié deﬁermined.by the dominaht transport'mech;
anisms.. The most important fransverse tranéport'mechanisms in an
HCD are khown to_beFWeakly and fully ionized diffﬁsion, mobility iﬁ :
the radialjelectfic field; and enhan'c:ed:convection.5 (see Appendix
A). The results of siﬁple'diffusion theor&, as calpulated_in Appendix
B, will be summarized here. | |

We find [Eq.:(B.hﬂthat the enhanced conveétionAdue to a coherent

low-frequency oscillation can be written as,

<n v 2 - LT cos A ’ : (5.30)
rconv .., : : .
where A is the phase between the density,-nl , and velocity, Vip o
. - fluctuations. If the radial velocity fluctuation is due to an .

- azimuthal electric field, then [Eq. (3.5)] ,11312

S <nv,_ > - ——— sin ¥ S ' (_5-31)



-66-.

where T is the phase between the dens1ty, i”, and potential Py s
fluctuations. We - assume, as in[Eq GBéﬂ that an enhanced diffusion

coeffic1ent can be inferred,

a L o a S e
. = =<nv . > ' : ‘ .32
erh :ni ] r conv K 5.3

And'ifAthe'radiai'eiectrieffield dE ';:is.small-’such as when &
de or floatlng potentlal is applled to the conductlng end rings,
‘then ion moblllty in E “can be neglected The ion currents can then

be written:

n VI' = _DJ_Eff an/ar ) )
BV, P (14 T/T ) /e
where DL | +D + D .. The ﬁranSPOrt‘coefficients are

eff lln lei enh

L

‘deflned in Appendlx B.:
If we now assume a tOSlnu501dal ‘axial dens1ty dependence, d

; Tn(r‘z)-— n(r) cos (Wz A L, £r ), in good agreement w1bh experlment

and substltute the ion currents 1nto ‘the equatlon of contlnulty,

ve get the solutlon;

n(r) = AK,(r/q) + BIy(r/a),
_where the radial scalevlengthr
o e e
==K - ‘Leff'/ ')- IR L (5.33)

: T 1L+T/T IR S
Pfsn e

For q < r;'which‘ls reasonably valid in an’HCD at larger‘radii
(R S 3 cm) where the density gradlent is mot -so steep, the Bessel

functlons of 1mag1nary arguments can be approx1mated
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Ko(r/q)'z (Wq/gr)l/Qe-r/q  ;
Io(r/q) ~ (q/gwr)l/2e-r/§.

When g << r, a nearly'exponential radiél density profile is
‘predicted with the scale length, q. We use Eqé.- (5.30) ‘a‘nd (5.31)
to estimate wave enhanced,convectionf, Eqpétion‘(SBBQ) is.used to
infer an enhanced diffusion coefficignt,:and Eq. (5.33) is used to
estimaﬁe semi-quantitatively the effeét of enhanced transport on
the radial density scale length, _which is compared with the

measured. value.

C. Langmuir probe theory - summary.

Langmuit probes provide most of the data discussed in this
experiment. Fortunateiy, we conclude in Appendix C that classical

probe theory is valid in this éxperiment, so that simple expressions

, v 10
suffice to interpret probe data. L

In practice, this means that the axial magnetic field does
not appreciably affect ion oqrrehts'to the probe, since the ion

102-104
4.

~

'gyroradiué is_much lafge#-ﬁhaﬁ the probe radius, ai/Rp x
And even though.the eieétron gyroradius is muéh.less thén thé'probe“
radius;'so.that electron curfents tb ﬁhevprobe are diffusioﬁ
1imited}02’105we étill 6btéin a good estimate of the-électron'
tempefature;.Te ,vffom the;H;gh—ehe}gy_tail of the.Maxwellian
eléctron.distribution;103_ | |

Thé:Debye length,'whiéh serves as a measuré of "how far the

- probe potential penetrates the plasma, is mu¢h smaller thén'the

~

probé radius, Rp/?xDe X 33. . Therefore, the particle collection area
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can be taken to ‘be the geometrlcal area. of the probe tlp, to good
105
approx1mat10n o Also the ion current should be negl1g1bly

reduced . by trapped partlcle orblts.106

The valldlty oi 31mple probe theory and the effect oi fluctuatlons5yi

T
on the probe characterlstlc (V- I plot ) is dis cussed in Appendlx
v;C.b In thls sectlon we summarlze the- useful expre551ons calculated

from 31mple probe theory.

Appllcatlon of a large negative blas‘to a probe results 1n
'flons being collected by the probe but at the electron temperature
Thlsveffect is the Bohm sheath crlter;on, due to thé penetratlon

of the probe potehtial.into the'plaSma. fhe ion»density can ‘then
be calculated in terms of the saturated 1on current I 17 and the E

electron temperature, Te,=[Eq..(C.l)]_

(5.34)

n, = l 015 X 1012 ' — 7
5 . A : .(mm2
o , ' prObe. :

As.the potentlal is ralsed from ion saturatlon, the probe
beglns to draw electrons, assumed tovbe 1n local thermal equlllbrlum
.From the-slopetof a semiflog plot of the'probe characteristic,v
v.‘the electron temperature canvbe calculated [qu (C.éiL

e _d

1h{1(t) - I, ]z X (57:55)

kTe dV
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And by_balancing the ion and electron_éurrents to the prbbe
at the floating potential, @f, we can calculate the plasma poten-
t1al [Eq; (0;3)],

9, = %p + 7KT /e, - | (5.36)
where [Eq. (C.h)];
y = 1/2 (M /u). - o (5.37)

For afgon, 7 = 5.6, in agfeement with thevfheory of Laframboise,
which includes the effects of finite sheath thickness and trapped?
particle orbits.10?

The radial electric field can be calculated,vb

E, = - &9 /6R. - 538

r

The above expressions‘are used to éalculaté the Te; s wp,
andvEr profiles ffom the direcfly measurable probe profiles, ISi
and wf.

D. . Directional langmuir Probe ﬁ@LP)-QSumméry

-The DLP can'be used to measure particle currents diréctly and
.easily. A éummary of the analysis in.Appéndix D Wili,be presented
 h¢re: -The coqstrugﬁion;éf our DLP is'shown in Fig. III;‘5.- The
probe isléhieldéd'so that particles strike the probe tip from a
restriéfed solid_aﬁgle onlyf - o :7 o ‘ |

The resulté of a.model presentedbby.Hudis and‘Lidsky6’lo will

be summarized. We are interested in the saturated ion current.

only, and all the restrictions discussed in Appéhdix C for simple
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probe theory apply and are satisfied here. - If we consider a

.plasma drifting slower than»the sound speed, vd1 < vé, then we . s
expect that the sheath is not perturbed . However, the‘potential

'requlred to accelerate the ions to the sound speed at the sheath ‘ ;

3

edge, the Bohm sheath’crlterlon, ls dependent upon the direction

of-streaming. This ehangevof'pTObe potential penetrationbinto the

plasma changes the den51ty at thesheatb.edge,at radlus R through
ev/kTe
the Boltzmann‘factor, e . ., [Eq. (D.l){,

N o -1/2 iodi, 20
1y (Ry) = npe T exp(a2vg vy v ), (5439)
Wheré-ivdl refers to particles dfifting toward or away. from the

. probef

. As a result, particle currents to the probe are.ajfunctidn of
the drift'Velocity.' If we defineAISi = I+h- I as the difference
in I_; when the particlesvare-streaming toward and away from the

. ¢
"

probe, we have.

ALy = M 1Vd Vth /V )

- i 2 : ' .
where we have used v T« vS to expandﬁthe exponential We

d th
~ define Isi E'— (I +1I) and solve for the drift veloc1ty, [Eq. _ )
(D'e)]J o o - " Y - o o -
- s vTe_l/? v_oar, .
vilofe| ==t (5.50)
T o1 - - :

' -4
R. The- centrlfugal force,

From the a21muthal drlft veloc1ty, 91, one can 1nfer the

plasma_rotatlon frequency, QO = v Vap /
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Mg - Mgoég; and'CQriolis’foree;:Ec = QMiLx go,.reeult'from plasma
rotation. We assume that the plasma rotetion”is'due to the radial
electric field drift; the centfifugal drift, the ion-diamagnetic .
drift, and the éffeets of colliSione, vin,_ana Coriolis force.

The ion equation ef.metioh can then be solved for the static radial

electric field as a function of measﬁreble quantities, [Eq. (D.A)],

v, .- \ g ke o
+o— - — (5.41)
-Qi - eB n T

B -»i' Vi
E o=~ —~1lv,. All + —=
r d9 . Qi A j}

'iwhere A=1 +‘2Qb/gi includes the Coriolis effect. Tﬁe Egse (5.40)
and (5.41) are used to calculate the drift'velocitiee and E_
respectively.

Iﬁ‘Appendix‘D,lsix checks on the experimental velidity of the
' DLP are discussedj In particularz measurements_of directioﬁal
vcurrents'in‘a plesma deQiCe'with'a'khOWn streaming velocity indi-
cate that EQ. (SﬂEG)Idoes'give a correet expression for the etreem-
ing velocity; Also, the redial electric field, Er’ calculated
from Eq. (S.MI), is compared with an independent deterﬁination of
Er’ from the éradient of the plasma-potential.v Good agreemegt
tetween the two mefhodsvlende eupport_to the Qalidity of both.
On the basis of theoreticel inequalities being satisfied, and on .

’

six eXperimental-cheeke; the DLP is coﬁcluded to correctly measure

plasma streaming velocities-directly.

E. The ITon Temperature

Ions are heated'byvcollisions with the hotter electrons, and
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_cooled by COllisiQns_with the:cold‘neutral_backgrouna’gas.f'The
transyerse ion mean—free-path'is reduced tolthe gyroradius;v Hence
_the icns_experience many‘cclllsicns before‘they are lost to the
Wall. IWarren'shows that,ion-heatingvdueuto‘randomizatlon of the
drifting motion by collisions Withvneutralslis'negligiblefsx Radi—.
'ative'prccesses will also be neglected. |

If tnermal convectlon 1s.suff101ently slow, we can_wrlte down

a local ion temperature relaxatlon equatlon,

47, m.

—= ==y (T -T ) + vy (T - 1.), (5.42)
ei‘e i .
dat M . ' s .
M ‘
where (m /M.) V i ‘is the Coulomb ion- electron relaxation frequency,lo7
, and v is the ion- neutral colllsion frequency EP 75 ™, 108
vKUation (5.%2)vcan be solved for the steady—state ion tem-
perature,
= — — o . . .'LF .
T; = (ve:L - T 4 ylnTn)/(v P + Vin)_ o (5.43)

i i

The right—hand side of Eq. (5 MB) is a- weak functlon of T through

the‘term v. = no thld . As a first approx1mat10n we w1ll take

in
. L ‘
T_l /lO to calculate 2 073’7_ The neutrals are assumed to be

in good thermal contact w1th the wall and we take T e O 03 eV°
_ Qucce551ve 1teratlons'y1eld~Ti to better approxlmatlon,'vHoweVer,z
as we see in Sec,.'VIo AQZB, Ti'“vTé/lO to good approximation, and

the first solu.tion_ffor'Ti suffices.
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EXPERIMENTAL RESULTS.

Ekperimental data Will‘be 1abelled by'the externally variable
parameters; which can be’readily fixed-by buttons or_knobs. The
most important external parameters are the neutral gas pressure
in. the diffusion tank, pt, the axlal magnetic field B, the arc
current, ICI’ and the ax1al and radial boundary condltlons. The

ultzng plisma proflle parameters _such as the density, n.> the
raalaj-eluutr.c field, Er’ the electron temperature,.Te, and Stabil;
ity are fun@tions oF'the sheaths.at the boundaries,‘the relative
magnitudes of transport mechanisms operating, and even the mechan-

1cal and magnetic alignment of the system
Directly measurable plasma parameters include the saturated ion
current" I oy the floatlng potentlal ¢f’ the Langmulr probe character—
istic, and the ion currents to a dlrectlonal Langmulr probe, DLP.
Directly measurable wave parameters include the fluctuatlons on Isi or.
?F’ asvwell as the phase of the fluctuations with respect to a fixed
refereuce; delermined by a phase sensitive lock-in ampllfler qnd/or a

calibrated - spectrum analyzer. :From this data we can calculate Té from

_the probe characteristic, Er from the DLP data, the ion demsity, Dy

, | | IS
the plasma potential, ¢p = ¢ +YkTe/e, another value for B, = ——Zg,
o v . ' - bn  AI_s e h¢ ‘ S
the normalized amplitudes, I ;’—ﬁz = 'fé% , & = kTef » -and - the phase
si : o .

by which the den51ty leads the potentlal fluctuatlons, oL

Data was taken over the ranges shown in Table YI.1. The data
-rangevshown was used,aS'a partial parametric study of the arc
parameters However, since our prlmary 1nterest is waves and wave
enhanced transport most of the data will be taken in a rather

narrow range of parameters, where the signal-to-noise ratlo is
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Table VI.1. ‘Range of Arc Parameters

Arc Patrameters - . ‘ ._  ~ Range
P (mtorr) 0.2 to 2.0, argon
L 2.0 to 3.0, helium
B (gauss, G) . . 580 to 1160 G.
e (R=1.0em) - 3.0x10% to2.0x 107 en™>
imax v - - .
n, . (R =10.0 cm) ‘ 9.0 xblO9 to 2.0 x ].Ollcm_3
imax " - T _
T (R = 1.0 cm) , 1.5 to 3.2 eV
emax .- - 0 - -
T . (R=10.0 cm) ~ 0.15 to 0.6 eV
“emin o : ST T
E__ 0 to 1.6 V/em
Tmax. L S
-'Ermin;<3 = 1.0 em). - -(06 to 3.2) V/em
IcIv(amperes) : ZOfQYA_

highér; Experimehtglly this means low neutral gas pressure, pt;
and low maghetic field, B. ‘As the pressure is increased, the wave
amplitude decreases. As- B is increased above B = 870 G, the plasma

becomes noisgier.’

A, T?pical Experiméntal-Results}
A sé£fof data; correspdndingt@a,typical.caSg'wﬂen_th 1afge—
ampiituge, 1owrfrequéﬁcy_waves are pfésenf; is.presented in-
'”figs. VI.l-té’VI.g}.pﬁ fQ.éS mtorr grgén, B = 580 gausé(

o . Voo o o
1. Normalized Wave Amplitudes and Radial Density Profile.

The ‘ion density is caléulatéd using Langmuir probe theory,
Eq. (5.34),from the magnitude and- shape of a.prdbe charactéristié,

(V-I plot). The rms wave,ampliﬁudes'on"a Langmuir probe, are
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measured USing a Tektronix Model 115 spectrum analyéer, or a
Princeton Applied Research Model HR-8 1éck—iﬁ amﬁlifier.

In fig. VI.1l, the radial ion.densitj profilé;ni, and the
normgli?eavwave amplitudeg, % E_An/'ni‘,bé = éA¢f / kTe » are shown.
Note thahvhhu‘jgwer;rrequency wave (LF.: ;1}83 kHz, where négative
trequencics refer Lo the ion—dia@aghetic direbtion) has maximum |
amplitﬁdé near radius R = 5 cm, while the higher;frequency wave
(HF = 36.kHz) haé'maiimum wave amplitude near R = 1 cm. Phase information
reveals that the LF wave propagates in the ion-diamagnetic direction,
while_thé'HF wave propagates in the electron—diamaghetic‘direction.

Fig. VI.Z2. sh6WS'typica1 ffequency épeétra of the wave ampii—
tudes. Power supply current modulatiqﬁ is typically less than 1%

at 360 Hz, the ﬁhree—phase ac power line fregquency. No power supply

modulation is measurable at ihstability'frequencies.

We also observe smallfamplitudé "harménics,f'whichAseem to be a
real effeéf because‘hafmonié amblitudevdoes_not scale with fundamental
amﬁlitﬁde._-The harmonics are observed at multiples of the fundamental
frequency, as predicﬁed for wave bhase'ﬁelociﬁié85 Vph’ sjgnificantly

less than the piasma rotatiOn-velocity,vVe. The_fréquency in the

' v + V
o 'ph,m .6 .

lab ~ ° R _
the disperSioﬁ'relation Eq.(5.19) - we can see that the phase velocity

lab,frame'is Q .forlazimuthal mode number m. - From

decreases for higher harmonics, V ~ A + B/m , 8o that harmonics

ph,m
appeaf in the lab frame at near multiples of the plasma rotation

frequency. There is negligible enhanced transport caused_by the

harmonics.
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Fig. VI.1. Normalized wave amplitudes and density profile. B P
density, n, x 1074 ém—B;v.', E(LF wave, -1.83 kHz); '
_ O, ¢ (LF wave); M, K (HF wave,. 56:.kHz)Z;v, 5 (BF wave).
pt:v: 0.25 mtorr Ar, B= 548'0 G, _gnd—ring’s grounded.
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(a) A¢ (R =5 cm) (b) AI(R=50m)

t=0.2ms/cm

(d) AI(R IScm)

= |O;,Ls/cm

XBB 7112-6025

Fig. VI.2. Wave spectra. Upper trace is rms wave amplitude vs. fre-
quency. Lower trace is DC coupled signal on a Langmuir probe.
(a) A9(R=5 cm); (b) AIL(R=5 cm) (c) 4A¢(R=1.5 cm); and (d)
AT(R=1.5 cm), showing waves at 2 kHz and 30 kHz. p,=0.32 mtorr
Ar, B=580 G, end-rings grounded. t



-;78;

5._ Axial Prutilus.

Axial plasme_profile measutements ére:made using a.Langhuir
probe (probe X, fig. IiI.BS, which can. be rotated on its axis to
vary the radial position. A typlcal ax1al pro(lle is shown in
fig. VI:jlet R.=_6 ch. The measured ax1a] densaty proflle, Lrp
nermelized to unity at ‘the midplane; is epprOXimeted well by the
expreseieh,vn(z>“i>~.;ees (w z /‘L;ff;), where the effective length,

Lopp = L+ 4/3 ) pp

= 120 cm. The nofmalized rms density pertur-
bations due'to the LF wavé,'ﬁ(LF), is also'indicated in fig. VI.3.
The electron temperature, T%, and the,fleatihgibotential, @f , Aare

uniform axially, within eur ebility to measure them.

3.. Electron and lon Temperetures.

fhe electton temheratere prpfile, T, detefmined from-the'shepe
of a'bfobe.ehareeteristic,qu. (5.355; iS'sheﬁn in‘fig. VI.4. A
eﬁail errot in Te'predueesze.hagnified errer‘ihvthe elasme potential
'¢p = ¢f +.YkTe/er,ISince'we caiculateavy=.5;6'for ergon;ih'section
V.C. :A corresponding erroriwould»appear i‘n'Er =vf'A¢p/lAR. Sinee.
10% errots in"meaeuring ?e from Langmuir probe characteristics are
commdn,nwe.use a bi—exponehtial smqothing approgimation on.Te before
.calcuLating‘¢ég Bi-exponential'meahs that a semi-log piet of Te
consiste-of twb.straight lines. »Ah ekpohential-choice.was'made since
-jsolutlons of the d1ffus1on equatlon and the heat flow equatlon ate

'Bessel functlons, whlch show nearly exponentlal behaVLOr in the llmit

' that the scale length is small compared to the radius, q << r.

A h] exponentlal approx1matlon to T _ 'is also

drawn - in fig VI;A_ In order to see the effett of -a small change



o

0.8

0.6}

0.4

Normalized scale

_'VVV-v- cee-- T- bt Ak .- vvv._ 05

O
N

.1 | l 1 ‘| I 1 1 | » '
-30 -20 -10 o 10 20 30
| Z (cm) o
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= 120 cm; @, normalized LF wave amplitude, n(LF) ;M\, probe floating potential,
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- Fig. VI.L. Radlal electric field and electron temperature proflle | I E (DLP)

e, Er(@ ) = ~09, /AR, in good agreement with B, (DLP) 0, T, (measured) A, T (bi-expo-
nential ep.prox1matlon, smoothed); O, 10 x Ti’ [(see Eq. (5 43)] showing Valldlty of Te/Ti ~ 10
approximation; VW, small change in T, causes large change in Er((pp), @ , shoving strong

f_uncti‘onal dependence on Té. p; = 0.25 mtorr Ar, B'= 580 G, end-rings grounded.
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in Te.on E we denpte a-Sma11 chénge ( @ 10%) in T, by the symbol,
v . (the,.we ha&e only.éhanged T, for small radii, R 2 Lem. )
»Finaliy, Lhe squarés,t], in fig'VI.A; arc 10x the iou mepey—
ature, Ti; asvcaiculated from the tgmperature ?elaxation equation,
Eq;(5.43)-'1n all the . calculations we have taken-Ti = Té:/ 10.

leads.us to conclude that

Agreemept‘betwuon vTe and 10x Ts .
: 73,74

Ti/Te ~ 0.1 , to good approximation.

4. Radial Electrio Field.

A large, nonuﬁiform, ndnambipolaf, rédial elecﬁric field exists
- for the case df grounded end-ring eiectrodes. Schwirzke.claims that
thié fieid arises dué to grédients in the electron_%emperature, Té s
and currents -to the‘end sheaths;log Tﬁe témperature grédienf'is
due to collisional cooiing.' The fesulting plasmé potential gradient,
.for the grounded ehdfring case, arises because‘tﬁe pofential drop
across the end sheathé‘ié Proportional to Te. | |

Howévef, when the end-rings are iﬁdependéntly floated, the’

potehtials'adjusf themselves so thatvnegligiﬁie fédiélvelectric field
_egisté for radii greater'than é few centimetérs from the érc
column. A self—cpnsistent solution for this case would be dominated
by cross~field particle transportA wi£h éxial boundary Eoﬁéitions
of equél électron gnd iqn curfents. Tonks solved a’similarly
 formidable prpbleﬁ-sélffcohsistently fqr the density and potential
diétribution with conducting end—plafes which could be fioéted 
of_effeétively grouhdéd as(éfsinéle unit,zg ﬁoweve;,.é solutiQﬁA
to the present problem.is complicatéd‘by nbn;niformity-of'the_;aaial

boundaries, since each end-ring can float independently. And the
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coupled heat_fldw.gquation should also be_sqlved]sélffconsistently.
We leaye this calcglation for'futu;e work, and accept the.radial
electric field empirically.
~The radial electric field has been determined by two independent

methods. The curve, B, in fig. VI. /4 shows Ef.as calculated from
) the deect azimgthal streaming measureméhts using a DLP, Eq.(S.Al),
For comparisoh}.Er = - A¢“ '/ AR is shown, denoted by the dols, @ .
This determination of Er uses ﬁhevbi—exponential-Te approximation.
A slight chénge in T; for small radii, R 2 4 cm, causes a large

change in Er(Qp).
Therefore, the DLP will be used to'meaéure.Er'since it is
casier and more reliable to use. To éubstantiate'ﬁhis claim, we
~argue that this method of determining Er“has a weaker functional

.~dependence on T .. To get an estimate, "we write-Er ~(B/e) V;e ;

C i. \Y 4T AT . o .
and. V., = s’\, e sl o v N :
- _8S\J/_& _._s1 ;  we e tvpical .
de 5 VT T . . I ‘we usevpyp;pd

values, from Appenéix A,s;hd aséﬁmev Alsi/léi = 20%, and
Te/Ti‘é iO # constént,.then we héve‘approximately, Er= JT;. Hence .
a-small chaﬁge»in:Té causes a small change in Er(DLPj.' |

- Expérimentally,-ﬁhe DLP is found to give feproducible-results
to better thanle% in detefmiﬁing radial electric fieldipfofiles.
.Six;iﬁdé?endent expérimentél checks on thé LLP, discﬁssed iﬁ‘_

Appendix D;vshow that the DLP is also reliable in measuring ion

streaﬁing directly.

~

5. Redial Polenliul Profiles.
The_floating'potential of a,Langmﬁir'probe» is’obpained byvv

‘measuring Lhe probe voltage with a highIimpedance_voltmetef,'so
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that negligible current is drawn. l'he plasma, or space, potential,

¢p , can then be determined from the floating potential and the

olectrﬁn Lemporabare, ¢p : P kTe/e{ , whore Y = 5.6, Eq.(5.37).
The ‘floating and plasma potentials are presented in

fig. VI. 5. The lower curve _ ’ represehts the magnitude

of the Coriolis effect. The term A =1 +2 9/ Q_ , where @ is
. . . o] 1 . o]
the measured plasma rotation frequency, appears then'in the

rotational instability theory of section V.A.2. From the graph we

can see’ that the Coriolis effect is most important at small radii.

©. Phase Relations,

The'phése by which a-wave signal leads a fixed reference signal
'isbmeagurod uslﬁg Lhe phasé sensitive; Prihceton Applied Research
Model HR-8 lock-in amplifier. Fxperimental phasé accuracy is
specified as t 5°.

The phése,'w ,‘by which the density, nq, léads the potential,
‘,¢l , f1uctﬁatjon§ is shgwn in fig. VI.6:. Negative phases correspond
to the dénsity leading the potential fluctuations propagating in the
electron—diamagnetic direction;  and positive phases, the ion-
diamagnetic dirccetion., - ‘. The LF wave,
1 (LF),:propagates in the ion—diémagnetic'directioh; while the HF
Wavé;i w(ﬁF),‘ﬁhe:eledtron—diamagnetic direCtion.

The.phaSé? wcalg; is éaiéulated. from Eq;,(5.27)‘
using_experimental plasma parametefs aﬁd the soiution.of the o

cublcid%sper31pn relatlon, Eq{(5.18)- ”wcalc

is shown is fig. VI. 6

for comparison. We observe that at small radii, Y = 0° to 90°

v cale
in the electron-diamagnetic direction, and at large radii
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- with the results of a 51mple phy31cal plcture dlscu ised by Chen,

86—
Y

wcalé~i 1807 10 270" in the ion—diamagnetic direction. Thls agrees
95

and a 51mple caleulation summarized in Table V.l. Agreement between

-measured and calculated phases is not tdovgood{'

~

The effect of neutral collisions on the phase has been discussed
; et e e e . A s qa L o '
in section V.A.3, and summarized in Table V.2, indicating a 90

phase shif't. We increase the collision frequency,- vin’ by amn

arbitrafy'Factor of 50, recalculate the phase w (50 X Vin)’

calce

‘and show the result in flg VI. 6, Por comparjson A phaée shift of

~

near]y'90 is observed. Good agreemenf between measured w(LF) and

calculatéd; wéé]c<50 X’Viﬁ)’ ‘phase is obtalned at large radii where

the LF wave is localized. 'And bettér agreemént with ¢(HF) is

obtained for small radii where the HF.wave is localized. However,

‘we have no' good. reason to believe that we hgve 'miscalculated vin

by a factor of 50 in Appendix A.

Noonvand'Jénnings claim that an effective'collisioh frequency,

VL= v + Voi. due_primarily to icn—electronvcollisiqns at .

eff in

i 110 )
small rad11, explains a phase Y = 180° at small radii. ~ However,
momentum is not conserved in their model

We also show the. phase,»A by whjph the den51ty is calgulated'

‘1n Eq (5.aO)to lag the ve1001ty i]uctuatlons The Ve1001ty

leads the den51ty fluctuation by 4 = 0° to 90° in the direction of

. propagation, as required'fof'angunstablé wave. Npté that

v

cale & * /2, as discussed in Appendix B, Eq.(B.5). This means

that the radial velocity and azimuthal electric field are in phase,

or ‘ylr =Ejge /B =ik ¢ c/ B ' . - However, as col-
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lisions, the Coriolis force, and ﬁonlinear effects become more
imporﬁant, this phase relation breaks dOwn; and thé velocity
fluctuation is ﬁo longer simply related to‘the potential fluctuation.
To summarize the phése situation, we find‘phat measured and
calculated phases do not agree too Qell in the regiohs whére the
two expérimental waves are 1ocalizedT We have éhown that collisions
and the Coriolis force can shift the calculated phase ~90°,
obtaining better agfeement_with experiment. However, we do not
believe,that ion-neutral céllisions and Coriolis effects are

sufficient to explain the discrepancy.

* Since we have included the effects cdnsidered to be mostuimpor-
tant in an HCD in'ouf theory, we‘aSSume that.thé.ﬁﬁése discrebapcy
is due to iﬁfrinsic weéknessesvin.the theorétical golution. First,
using a linear sqlution; we have nougood:reason to expect agfeement

for an instability at nonlinear saturation amplitudes (i = 0.5).

Phase and growth rate, in particular,.should be affected by nonlinear

mechanisms in order for the wave amplitude to saturéte. Sgcond,

a better solution would require integratioﬁ over radial profiles to
calculate normai mode behévior. Third, including fhe radial
'eleqtric fieldvapd rota;ional effects self;consistgntly in cylindri-
cél.éoordinates, rather.tﬁan ihtfodhciﬁg rotatioﬁai'effects.in a
slab geometry, would élsoibe an impfgvgmént, but we could not sélve
the cylind;ic;l_equétionsIanalyt1031ly. Forvthese téasohs.we céuld
.not uée thé pﬁase, @ ,.t§ predict.égreemeht for either_ekperimentai

instability with theory.
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Regafding phase relations for the determination of enhanced
convectiqn, we’cénclude thatvﬁhe/éxperiﬁental phase, V¥ ,ris inConsig_
tent with phé radiél ve}ocity fluétuation being dueisdlely to én H
f_azimuthél el¢ctric,field. ,THié'aSsumptionvis éxbiicitvin the
derivgtipﬁ df.Eq.(ﬁ.Bl)fér Denh'..wé'observé £hgt‘v¢célc :‘A tv/2
is comsistent with ‘v, = Ej /B = =ik  $;c/B , |

to give a more reasonable.eétimaté-of D .
calc S ST TR enh

so that we expect
Alternate methods of determining enhanced convection will be
compared in section VI. A.7.

'

“/.  Ditffusion Coetficients.

First, let us compare various expressions for the enhanced
diffusion coefficient, and choose the most reasonable. We begin

with'Eq.(S.BO)fof enhanced cohvéétion,

{ - ) 'E.—b. v =
K nvr>conv‘ Denh R

~where A 1s the phase between the density, nl,,ana vélogity, Vip o
fluctuations.  If we use Eq.(5.20)to expréés Vg WE get

2 | - o - | |
D = ( an / 26.) cos A , where ﬁ = nl/ho, § = - Vno/no,_

o®
ot
Q.
Q
o
i

.'vié (iw' +0' )/ (k w' / Q* = § ).
. ,.Alternatijely, if we assume.vlr_:: _Elé_é /B = -1 ¢1-C / v RB;:
we gét, ésvié qu(S.}l)QDéﬁh =@ ¢1c'/v2RB§) sin Y ,_Qhere ¥ is.the  o
vmeaéured_phase betweéﬁvthe‘density, nié and pdtentiéi, é1 ,_quc£u;' ‘
‘ations. As discuséed ip.éecpioﬂ“VIl A;G;:We‘cén.alsq'ﬁSe a’éalcglated
: value,..wcalc, wheﬁrthe phasé betweenvthe pqtéﬂtiéllahd velocipy B

fluctuations is éhifted by neutral collisions, Coriolis force, and
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nonlinear effects. The following three expressions for the enhanced
diffusion_éoefficient are presented in figs. VI.7 and VI.8 for
the LF and HF waves, respectively;

‘'

¢, / 2RBS 5 sin ¢

u, Denh(l) =(
. -

il

cale

w13

0: Dnia) 610 / 2RBS ) | sin gl'v

N 5 -l
o Dehh(}) ~(af” /28 ) cos A

Agreement between Denh(l) and Denh(Z) is good, wh;le Denh(3)
is not so good in fig. VI.8. The th;rd expre551on,_Denh(3) is
based_on.é linear calculation, while both experimental waves have

t
reached nonlinear saturation.
S o _ ich i

As discussed in section VI. A.6, vy, . =4~ n/2, which is
consistent with the radial velocity fluctuation being caused by an
azimuthal electric field. This relation is explicit in the deriva-

tion ' of the first two expressions for Denh' Whereas,'this phase

relation is violated by the measured phase, ¥ , which we showed
could be shif'ted due to collisions with neutrals, the Cerioclis force,

and even nonlinear mechanisms. 'Enhancéd diffusion will henceforth

be expressed as in the first expression above,

Derih :(ﬁ ¢lc / 2RB6.)' sin cale using the mgasured density,

.nl, and Potential, ¢l , fluctuations, and the calculated phase,
Yoale. ‘ 3 S I

In fig. VI.9 , all transverse diffusibn,coefficients_are pre-
senféd.'.Expres§ionsAfor'the_diffusion coefficients appear‘in

Appendix B, Note that enhanced,diffusion due to the LF wave is
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Fig. VI.8. Enhanced diffusion coefficient for the HF wave. W,

={n¢ c/2Br6)31nwcalc; o, Denh(2)=(n¢lc/2§r_)51nw : @,

D
“enh(1) : ‘
=(ah” /28) cosh . pt=o.25 mtorr Ar, B=580 G, end-rings grounded.
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the dominant trausport mechanism for R * 4. cm, and is comparable

in magnitude to Bohm diffusion.

B. Wave "Identificatibn".

The'two'low—frequency waves cah_be explained well by the pheofy
for the‘rotatioﬁal.flute.instability, which iﬁéludes,the effects of
density gradient, plasma rdtation, and collisions with neutrals.

As mentiéned.in Socﬁion IV. C, the experimental wave will be com-
pﬁred with theory on five counts: (1) Spatial loéation; (2) Fre—
quency,gzr;’ (3) Direction of.Pfopagqtion; >(4) Parallel wavelength,
k” 3 andv (5) Growth rate, Yg/Qr .

1. Spatial Location.

"In fig. VI. 10, the radial profile for the two wave amplitudes,

n = nl/né , the Richardson number, J = Li / LnR’ and the stability

ratio of the caloulated growth rate to frequency, Y/ Q_, are

shown. The Richardson number,.discussed‘in section V.A.l, is the
ratio of gravitational to velocity-shear energy. Hence, one would
exﬁectvgravity to be the more important energy sburce‘for ,Jl >l/L,
while velocity-shear would be more important fér IJ].<v1/4, ‘The»ratio
Yy / Qr will serve as é éalculated meésure of instability.

Analysis of fig. VI. 10  shows that ﬁhe_LF wave amplitude, >
fi- (LF), peaks near R 216 cm, while-the’HF_wave peaks near R): 1 cm.
The Richardson number, J = Li / LnR', ihdicates that both waves
peak in regions where centrifugal effects aré more impoftant than
velocity—shear foects._'Our neglecting of the Kelvin-Helmholtz
veloéity¥$hear.wave thefefore seems justified;> The fact fhét.

the calculated stability parameter, Y/'Qr, peaks near R =1 em -
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and R=6 cm, and is of order unity there, gives‘further Support
for the rotatiodgl'instability Yidentification". -

In addition, if we consider fig. VL4, we see thaf.Er is large
ana negative at R =1 cm, and 1arge and positivé near R = 6 cm.
This suggests that the wave may be destébilized by plasma rota-
tion driven by Ef. We were not able t.o make significant changes

“in the fadfa]‘pOSitions.of Ermax gnd Ermin'ovef the range, B :A580
to 1160 G. we can, however, affect the magnitude of‘Er at largerb
radii, by Varying the Qeutral gas pfeésure, Pis and thé end-ring
poténtiéls. (For éxample;‘fig. VI. 40 shows the reduction of E_
at large radii due ﬁo'increasing pt,'énd fig VI.Zl shows the
reduction Qf Er'dué to floating'the fhird end—:ings.) Furfhermore
in.all Caées where Er was small at 1argé radii, the LF wave was

small or stable.

In summary, tath waves ogcurbconsistently in regions of large
radial electric field, injfegioﬁs of iarge centrifugal effects as
shown by the Richardson number, and where the'rotétionél insta-
bility.ratio, Y‘/gg , is of order unity.

- 2. [Frequency. |
| The radiai freQuency prOfilés'calculated for thefrotationai
fluté,i(hr ), including the Doppler shift due to plasma rotation,
the eiectfon-diamagneﬁic drift‘frequencyf (wDe ), the eiecﬁric
); the‘idﬁ—diémagnetié drift ffequéncy ‘

drift frequency ( Wy

( wps ), and the gravitational drift frequency ( g )
are présénted in_fig. VI. 11. The experimental wave frequencies are

the dashed lines at LF = -1.83 kHz and HF = 36 kHz. Positive
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Fig. VI.ll,' - Frequency profi.le. Positive frequencies correspond to the electron-diamagnetic directicn.
a, ggr,.calculated rotational instabili_ty frequency,_including DQppler shift due to plasma rotation;

a, ) electrbn—diamagnetic drift frequency; O, ogE’electric_-drift frequency; A, mDi’ ion-diamag-
netic drift frequency; V, ® centrifugal'gravity’drift'frequehcy._ Two experimental wave frequencies

are indicatelrd" 'by dashed lines. Arrows indicate radii of maximum wave amplitude. D = 0.2'5 mtorr

Ar, B = 580 G, end-rings gfounaed.
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frequenéy.corresponds Lo propagation .in thé electron~diamagn§tic
‘direction;

Wé observe frém fig. VI.11, that the frequenéy profile cal-
’culéted for the rotational instability is very nearly the same as
‘ the E x B Drag instability.frequgncy, wE . 'On'this basis,‘also,
it would be difficult to.distinguish the two instabilities sinée ‘
they are very similar in'being driven By Er and éollisiqns. However,
the stability criﬁeria should be different.

The fwo rxperimental instabilities are normal modes, since
~the frequeﬁcy is independent of spatial position.. We do not solve

the radial wave equation for normal mode beHavior, since numerical

integration over the radial profile wouidvbe réquieed. ﬂWé cal-
culate the wave pérameters 1o¢ally; and present the resuits as a
fuhction‘of radius. The local approXimation is not too badvif the
wave amplitude ﬁeaks in a rather ﬁaffow.radiél region,

"The frequencies fdr the.two waves are_taken'at the lbcal_
positioﬁs where the wave amplitudes peak;vas indicated by arrows, ‘ y
in fig. VI.11l. The measured frequeﬁcy versus the local frequency
approximation (inéluding Doppler shift due to plasma rosation)
is plotted in fig. VI.12 for the LF bw'ave, and‘in' fig. VI.13 for
the HF wave. Points are plotﬁed aCcording_fo magnetic fieid,

B = 580 tb 1160 G, for argon and helium. _The.full'range of opér—
'ating'cdnditionsvin,TaBle VI.1 is represented:in these two figdres.

In summéry,Agbod égreement between measured and éalculated

frequencies c§nfifms\thét»the experimeﬁﬁal frequencies fof the two

anes can be explained well by linear rvotational instability theory.
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vFig. VI;IEQf Measured Vs. calculated ffequencies for the LF wave.
x,'é.rgbn, B = 580 G;®, argon, B.= 870 G; O, argon, B = 1160
G; A, helium, B = 580 G; ¥, helium, B = 870 G; @, helium,
B = 1160 G. | | |
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3. ‘Direction of Propagation. -

Phase ﬁeasurements ﬁaken on Lgngmuir probe$.at thiree azimuths,
separaﬁed hy 900 each, show that the LF'QaVe is‘én»m;§ 1 mode which -
propagatés,in the ioh;diamagnetid directionj whiie the HF wave is
also an m = l‘mode whicH propégateé in the eiectron«diamagnetic
direction. .Fig; VI..14 shows . the fioating potential oscillétions
on the four’quarteré éf thevsecond e@d-ring electrqde”at the énode 
eﬁdf From the upper trace to thehIOWer;trace, thé ring quéfters
increase QQ?‘inrézimuth»in the‘ion—diamagnetic.direction, ID’
indicating thét ihé'LF wave,propagates.in the ion%diamagnetic

L

direction..

In-fig._VI,il, we see that bpthrthe experiméntél HF-Wavé fre;
queﬁcyQ indicatedvby ﬁhe dashed lire, and the'Doppler shifted
theofeticai wéve frequency,/Qr , are 1afge and.positive at small
radii; correspoﬁdiné to ﬁropagétion in the eléctron—aiaﬁagnetic
diréction. And siﬁilariy‘for_ﬁhe LF wave, both rofationél theofy
and'experiment agree dn‘negativé.frequéncies.at 1a}ge radii, |

corresponding‘to:propagation in. the idhédiamagnetic direction.

L. Parallel Wavelength, §ﬂ+
© We couldcfind no éxperimental'evidence to suggest either a

tfaYellinngr a:atandingﬁavé.in the‘aXialidireétion{'fPhaSe é¢¢qracy
Qf ihe Princeton Applied ﬁeéearéh_Model HR-8 loék;invaﬁplifier is
spécified”as SO.i}And,.unceftaigty in thé azimﬁthél'positioﬁ of the o .
-sﬁaiﬁless—steéliéxial probe is-estimaﬁed to be @ 150 for ﬁhe

WOrsﬁ CaSé at small radii.'vBut even'With‘fhis kind”of "worst case"
aécuracy, we . can Say_3”524.L, In ﬁig. VI.3, we observe that fhere ?s

little evidence for a standing wave in the axial direction.
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(a) (b)

XBB 7112-6027
Fig. VI.1l4. Potential fluctuations on the quartered second end-ring

at the anode end. (a) second anode end-ring, showing labels
increasing in the ion-diamagnetic direction, ID; (b) potential
fluctuations on the four quarters, showing LF wave propagation
in the ifon-diamagnetic direction. |
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| We would expect thaF if.A”.were finité% thegvAH >> L could oﬁly
- be ﬁaintained dge to poor conductivity‘with the-end—ring electrqdes,
fhrough ion sheath,Qs; If, however, we positively bias the end-ring
electrodes for better electron contact, we would expect A” to be

: rgstricted to }” 2 2L, or af 1east changed 6bs§rvablyf ‘This was

‘done, and finite A”.was not observed.

\

Hence, we rule out finite-A” -instabilities, and believe that

both experimental waves are flutes.

‘5. Measured vs. Galculated'Gfowth Rate, ;/ Qi'

. Two methods are discussed in section VI.é for measuring vy /Qr
directly. Since we had no appreciablg‘luCk in stabilizingbthe HF
wave, fhese methods cannot apply. Howéver, a summary of'the résultsvv

v af the two méthods‘is presented for the LF wave in Table VI.2. |

Errors are discussed in section VI.G.

Table VI.2. Measured Vs. Calculated Y/Qr ~Summary .

Azimuthal : Tempofal

Stability Ratio Growth Method . Growth Method

y/Q; (meaéured) ' 0.54 *0.27 - 0.36 *0.36

' Y/Qr,(éalculated)» o : 0,43‘ O;BA'tO.ZZ

' The calculated linear growth rate is obtained from.the‘rdta—
-&Qnal.instability,dispérsion relation, Eq.(5.18). Good agreement
between theory and experiment is bbtained\using the azimuthal growth

method_for two reasons. First, the wave amplitudes can be measured
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at different azimuths to ~15% accuracy. Also, the.wave'amplitude’

is reduced to ~20% of its non linear saturation value, where the

linear growth rate is expected to be more valid.

Agreemeﬁt‘is also obtained for-the temporal growth method,
although the accuracy is poor in this case. Accuracy is limited by
out. ability to determine how many wave periods are.fequifed for a
given changg in wave amplitude. In this ekperiment large growth
rates, v/ Qr ~o L, imbly that the wave amplitude can grow drastically
in a single wave period. Therefore we eétimate ourvuncertainty for
the measured growthvﬁime as &l.wéve period ( &looz_uncertain).

Better accuracy is predicted_for lower growth rates, y/Qr << 1,

6. Wave Identification Conclusions.

We conclude that rotational instability theory and experiment
agree on all five points of comparison. Therefore, both experimental

waves are éxplained well by rotational flute theory.

C. Enhanced Transport and DC Stabilization

DC stabilization means the application of a constant "corrective "

potential to any chosen énd—ringvelectrode configuration. Two
effects must be considered in this section. The first effect is that

of DC stabilization on wave amplitude and the enhanced diffusion
- coefficient. The other effect is that of the enhanced diffusion
coefficient on the density profile. The expression we use for the

., as

enhanced diffusion coefficient is D
i erl 1lc

= (n : in W
T (nwlc/EgRB) sin ¥

discussed in section VI.A.T.

1"t

N
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The data presented in. this section is summarized in Table VI.?

: POWer for the case of floating electrodes is

v

for convenience.
‘estimated'as the floating voltage times the current whenvtheAelectrode
is grounded. No stabilization (NS) cases are for all end-ring elec-

trodes and the tank grounded.

Table VI.3 DC Stabilization-Summary

e ' Sﬁpﬁreséor' Voltage | Power

Lase Figura (End-ring #) = (volts) (watts) Commeht

*(é). v&;'i6 . . 0O . . 0 . NS-reference

| (h) ,vi.-17_ 3 | +3 0.27 . Floating

(e) Vig'lé _ _ 3 B— 0.8,  Floating
(@) - VI;19_ , -‘1 220, 16.0  HF wave
(e) . VI.20 3 | +5 45 LF Qave stable
(f) | VI.21 3 - - '. %8,‘ 17.0 ' Excessive power

1. Effect of DC Stabilization on D .

. The wave sbectfa at R = 5 cm correspondingvtd caées (a), (b),
(e) aﬁd‘(f) are showﬁlin fig. VI;15. The last spectrum for-power
P = l?'watps}.shows_thatvby inéfeasing feedbéckvpower greater than".
_ 6p£imum; wg.cah inéfease the amplitﬁde of new EOQ¢S. |
The radiél density profile anavfhe enﬁaﬁcéd éiffusion cqefficiehté
>due to the experimental Qa&esiappcaf in figs. Vi.lG to VI.21l. ‘Also
'préséntedvafe ﬁhé éiassica; ion—neutral_ffansverse difquioﬁ,cOeffi-

cient and the Bohm diffusion coefficient, for comparison. The '



(a)

(e)

Fig.

(b)

XBB T112-6031

Vi.15. DC stabilization wave spectra at R=5 cm. Upper trace shows
potential fluctuation, A¢, while lower trace shows ion current fluc-
tuation, AI. Case (a) all end-rings grounded; (b) third end-ring
floated, showing LF wave amplitude reduction; cases (c) and (d)
are not shown; (e) apply +5 volts to third end-ring, showing sta-
bilization of LF wave at 2 kHz} and (f) apply +8 volts to third

end-ring, showing excitation of '"shear" mode at 11 kHz due to
excessive potential.
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VI.17. Diffusion coefficients and density profile. "Passive"

DC stabilization. W, density, n, x 1077 en”’; @, D

1in’ 204 \£ .
electrically at +3 volts, power P = 0.27 watts. Radial

enh (LF

wave); A, D The third end-ring is floated

. suppressor position is indicated._pt §'O.25 mtorr Ar, B = 580 G.
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o DC stablllzatlon B, density, n x 10 9 cm 5, ., Denh (LF
vwave) o, enh (HF wave) A, D ln,'andv D]3 npt Note steepen-

-ing- of the den51ty proflle and reduction of D enh - (LF) as the -

thlrd end -ring is floated electrlcally, at +6 volts, power

= 0.8k watts.s Radial suppressor pos1tlon is indicated.

'pt % 0.27 mtorr Ar, B = 580 G. -
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Fig. VI.19. Diffusion coefficients and density profile.» DC sta-
- ' ’ 9 a2 * Y,

g X107 e’ @ D0 (LF wave); .

0, Denhv‘(HF wave); A, Dy 2nd ¥, Dp .

of the density profile and reduction of Dehh (LF) as--20 -

bilization. W, density, n

Note steepening

‘volts is appliedbto the inner end-ring, indicated as sSUpPPressor.

Power P = 16 watts. P, = 0.38 mtorr Ar, B = 580 G.
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The LF wave is stabilized by application of
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Fig. VI.21. lefu51on coefflclents and dens1ty profile. DC

st‘abillzatlon .., densfcy, n1 x 10 -9 cm’ 5, A, D,. ; and

. ‘1in
: V_,_ DBohm Increasing the voltage to +8 volts, power P = 17
' watts, applied to the thlrd end-ring has llttle additional

effect. "Radial suppressor position is indicated. P, = O.47.

‘mtor"r Ar, B = 580 G.
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position of the SuppreSSOr:electrode is indicated in each figure.
"Tf the LF wave is stable (¥ <0.01), then no Depny (LF) appears. In
figs. VI.1l7, VI.20, and VI.Elv'the HF wave was;ignored in the interests

oi speedy data- Laklng, bince this wave does not noticeably affect

transport anyway, due to the fact that D, (HF) ¥ DLin;' In addition, i

the HF wave is negligibly affecxed_by all stabilizétion attempts.

5%

T

A qualitative etudy of figs,-Vlolé ;ovvi.Zi.ehowe that ﬁC
‘voltege with‘power P = 0;90:watte applied to the third end—ring is ;
sufflcient to stablllze or drastically reduce D_ . fof the LF wevef
Reduced D (LF) is a dlrect consequence»of reduced.wabe aﬁpiitude.b_

Flg VI. 19 shows our best. unsuocessful attempt to stablllze
the HF wave,vby applying DC Voltage, vV = =20 volts,.d-J | - “?e
" and power'P = 16 watts, to the inner end—ring:electrode. Little | o
effect on the HF wave is obSefved. (From fig. Vi.22,.we see that'Er

is nofisigﬁificantly reduced near R = 1_i em. However, the DC

‘stabilization does eliminate E et.lafge.radii,_with the resulting
LF wave amplitude reduction, as evidehced in fig. VI.19. Positive
voltage applied to the inner end-ring has no favorable effeot.
Henceforth, DC stabi1ization is only discussed with respect to the
LF wave, eince we cannot stebilize the HF wave anyway. vHoWever,

since enhanced diffusion is less than ofdoomparable to classical

diffusion, [gnh(HF) < DLin;? Djos ﬁheveffeet on transport is

negligible. - S : _ . . (e
: From‘figs VI. 17 and VI. 18 we notlce that D, (LF) can be

reduced by 1 to 3 orders of magnltude by floatlng the third end -ring,

thereby changing the radlal boundary condltlons at the end rlngs (The
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radial electric field corresponding to fig. VTLlB’ielehown in
fig. VIiQQ, showing thatvgris eliminated at large radii by
floating the third end-ring.) No external power is required, so
we here report success of a.passive-stabilization technique.
Fig. VI.20 shows that power P = 4.5'watts is sufficient to

completely stabilize the LF wave of‘fig. VIFL6; whereasmpOWer
P = .27 watts was not sufficient in fig. VIAT. We learn from
fig. VI.21 that additional power, P = 17 watts;is dnnecessary.b

From fig. VI.22, one can infer that changing DC boundary condi-
. tions stabilizee the LF wave, in part at ieaet,‘tyvreddcing the radial
electric field, which drives the rotational inetability, We propose
that this may be due to creating better electron contact with the
Aax1al boundary, which maintains the good electrical contact required

. . {
to "short" the field.gs '

2. Semi-quantitative Effect of D . on the Density Profile.

Flattening of the radial density profile is often indicative

of-enhanced‘transport; Note gualitatively, from figs. VI.16 to VI 21,

the flattening of the density profile near the radius at which

_Denh(LF) becomes larger than the classical ion-neutral diffusion

lcoefficient D When the LF wave is reduced'in amplitude S0

iin

that'Denh'<: D in? we observe that the radial den51ty proflle does

not'flatten out, indicating improved plasma confinement.
The radial density'scale‘length q'E-—(vin.ni)—l,'where

ny ~ efr/g , is'a good parameter by which to oharacterize the

shape of the density profile. As wercaicuiatefhiﬂq;(5.33,
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q*is a function of{the magnitudes of the trénsporf mechanisms,
L ' 1/2 .
*-‘-l
= I'eff/'"'[ Dleff /(D”in‘(l+Te/Ti)) ] where

= D + D (LF) +D

pleff L in + Dlei onh (HF), including enhanced

enh

diffusion. The measured q vs. the calculated g* is shown in

VI.23 for the case (a)_df 1arge amplitude waveé? " Note the density

profile flattening near R.= 5 - cm indicated by the increase in

scale 1eng£h, which we propose is due £o the LF wave presence.

Fig. VI.24 is shown for the stable case (f) for comparisén. No

appreciéble density profile flattening is observed or calculated.
The effect &f enhanced tZansport on £he dengity profile is

to flatteﬁ the density profile when Denh(LFO 3 Iiin, D

This occurs at large radii (R 5 4em) where the'blasma density

is apbroximately an ‘order of mégnitude below the dénsity at small

fradii. Therefo?e, even an order of magnitude decreése in density

at large radii, which we observe on:wéve étabilization, would only

'yield arcofresponding increase in density.of ~10% at small radii,

due to improved confinement. For this reason we cannot reach any

conclusions regarding density increases at small radii, due to wave

stabilization at large radii.

Furthermore, one_cannoE exclude the possibility of altered
axial pafticle currenfé, due éo different axial boundary éheaths
caused by the DC potentiéls. However, we observe small (25%)
or,nq“changes_in'currentsfdrawn to other end-rings when DC voltage
is appliéd to é givenvend—ring‘élecﬁ%éde éoﬁfiguration{ And when

positive voltages.are applied, ohly electrons are colledted at the

i
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Fig.>VI.25. Radial density scale length, g. Large amplitude LF wave presént at
: : ' L . *
large radii, corresponding to case (a). B, measured g; @, calculated q ,
showing significant flattening of density profile at large radii. p = 0.25

mtorr Ar, B = 580 G, end—fings grounded.
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Fig. VI.24k. Radial density scale length, 'q. "LF wave stabilized corresponding to
case (f). W, measured q; @, calculated g , showing steep density profile
consistent with classical transport theory. P, = 0.47 mtorr Ar, B = 580 G.
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enderings The axial ion currehts are stlll limited by axial
amblpblar diffusion, Eq. @ 13)

We conclude that DC stablllzatiOH reduces enhanced transport
due tevthe LI wave. by more than two orders of ﬁagnitude, causing
ion densilies at laTge radii to decreese as much as aniorder of
magnltude._:ln all ceses, the shape of the reaial.density profilev
can_be semi-quantitatively explalﬁed by includinéfour expressions

: . \ . .
for Denh‘in a simple diffusion theory.

D.  Linear Feedback (F).

"A linear feedbaek loop,.es’dlscussed in Section'lII,D is
employed. Linear feedback, F, is\founa to be'mofe effective'as
a controlled electron sink when applied to ﬁhe_segmented‘end—fing
electrodes.(flg; III.Q)'tﬂan when applledvto modified suppressor
prObee, 2-cm-long, = .020 in;-lungsten wiﬁe eleCtrddes, aligned

"along B. Ve propese that the increased effectivenessbisvdﬁe to ﬁhe
much lafger area of the end-ring electrodes; Areal?v6.0 cm o
- Only the inner two-end—rlnés are quaftered,~unfofmunately.

‘Linear feedback on aﬁy'quarter'of thejlnﬁer.end—ring'is

ineffective. .Perhaps'thls can be explelnedvby the fact that the
weve power at small radii is foo large " We estlmate the wave power
by conSLderlng the rate of electron collectlon ‘to ‘a feedback contrbl—
'.led'31nk, neceesery‘ior stablllzation."The number of instabiljty
electrons in é feedback &dlﬁﬁe "V; 1s'hlV, w1th an average energy,
kTe. If the 1nstablllty were groﬁjng w1th the llnear growth rate,
Y ,vthen wavebenergy would be 1ncrea51ng at the rate,‘ 2 7.v

3U51ng thls model we. estlmate the power requlred to collect electrons
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associated with the instability as, P = 29yn kTeV. The power

wave 1

in the HF wave corfespohding’tO‘the inner end-ring is estimated

to be ~30_watts,v Howe&er, the power in the LF wa&e near the third
end-ring is estimaﬁed to be ~O;l watt, which can easily be supplied
by the feadbhack 1oop. 

The.f@sults of linear feedback on one quarter of the secénd \
end—ringbwill be breseﬂted. This suppressor segment extends from
R = 2.0‘cm‘to R = 3.5 cm, énd subtends 900 in aZimuth,

suppressor % 6.0 cmz. "Nggative" feedback‘(—F) occurs when the
feedback voltage isbin phase with the.density‘fluctuétiohs, hence
suppofting the theory of an electrqn sink.

Whéﬁ linear feedbagk is applied to any of the other.quarters
of the‘secénd end-ring, thé»phase of the feedback voltage with
respect'to the réferenée signal is shifﬁed an amount appropriate
to the azimuthal separation of the éﬁppressor. The same phase
relafion between feedbaék Voltage and density fluctuation is main-
talned. |

The effect of differént azimuthai separationbif the suppfessor

_pfobe with respect to the reference Langmuir probé nonitoring the

plasma is readily apparent. Since we ﬁeasure and calculate
‘7/Qr b 1 in section VI.G, the wa?e.grpws apprectably in one
»periodikgWe-obserVe the‘largest feedback effect ofi a probe lpcated
in the feedback region. ﬁecreasing effect of feedback is observed
o o

907, 1807, and 27QQ'downstream of' the feedback,‘as the wave has

time to grow or decay to its unperturbed amplitude. This is used
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J@invsectien VI.G.1 to measure. how fast the wave amplitude griows in
‘a quarter pefiod, 90o_downs£ream,‘from the feedback region.

Linear feedback pafameters are summarized in Table VI.4..

Table VI.4. Linear feedback - Summary.

Sink Term

case 2P, s roer T comem
, . . : Py
(a) O o . o | NF - '.re.ference |
- (v) | -5 h.0- . 0.51 }1.25 X:lOB ~ Optimum -F
,(C)' 75 5.0 | 0.88 | +1.66 x 100
(a)- f-25g;- 2.5 ',. 0.088  -:3.2 x_ibz  Intermediate gain
(e) 425 3.0 O;li +3.1 x 10° Intermediatevgaiﬁ

'l."Effectvof Lineer‘Feedback’on'Weve Amplitudes and Growth Rates,
>We measure the effect of linear feedback on the wave ampli-
tudes, and calculate the:effect of 1inear'feedback en the grewth |
_'rate'py including an“.ien sink tefm in the_equation of_contin— -
uity,jﬂq&5.2 ) Quéntiﬁatively,'when a sinusoidhl‘feedeack voltage,
VF’ is applled to an end rlng electrode,'an electron current IF’

is drawn when VF is sufflclently positive, We assume that a fraction,

'( n = nl/hé ) of this current is-coupled to the wave. Then fqr an

effectlve ion sink over the feedback volume, V = Area(feedback electrode)
X Length(system), we. have (see sectlon V.A.2), S.= Iye /h ev =op y -
blg' VI.25 showsvthe wave spectra - for Isi on a Langmuir prObe at

R=3 cm, in -the feedback region, for cases (a) to (¢). We.oeeerve par- -
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O kHz |10

XBB 7112-6026
Fig. VI.25. Linear feedback wave spectra, AI, at R=3 cm. (a) No feed-

back, NF; (b) optimum negative feedback, gain G*= -75, showing
near stabilization of LF=1.8 kHz wave; (c) positive feedback,
G= +75; (d) G= -25; and (e) G= +25. p,=0.25 mtorr Ar, B=580 G.
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tial reductior of' wave amplitude, AL ., at R=3 cm for small -F, case (d),
and near stabilization for optimum -I*, case (b). We observe correspond-
ing increases in wave amplitude for +F, cases () and (e).

Iﬁ figs. VI.26 to VI.28, the effect of linear feedback on the
experimental wave amplitudes, and on the theoretical stability
ratio,yl/gr , is shown. Fig. VI.26, case (a), rgpresents the case
for no feedback, NF., Figs. VI.27, case (b), and VI.28, case (c),
represent optimum negative and positive feedback, respectively.
Optimum means maximum wave amplitude reduction, without enhancing
Lhe amplitude of higher azimuthal mode nimbers. From fig. VI.27
we should observe thal optimum -F reduces wave amplitude, while the
wave is theoretically stabilized,(y/gr <0). Positive feedback,
fig. VI.28, increases the wave amplitude slightly, with a correspond-
ing increase in 7//Qr.

Fig. VI.29, shows the effect of linear feedback on the normal-

ized LF wave amplitude profile, n , as a function of loop gain, G,

for cases (a) to (e¢). Only positive feedback, +F, and negative
feedback, -F, will be considered since one. cannot get much azimuthal

phase resolution with a 90° suppressor. The calculated growth ‘rate,

section V.A.2, is shown in fig. VI.30, in the feedback region for
cases (a) to (e).

From all the figures on wave amplitude and growth rate, we
should notice that small -F, case (d), causes only small reductions
in amplitudes and growth rates. Whereas optimum -F, case (b),

causes order of magnitude reduction in wave amplitude and theore-
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Fig. VI.26. Normalized wave parameters. No feedback. W, sta-
bility ratio, 7/91« x 107%; ® n (LF = 1.8 kHz); ©, n (HF =
36 kHz). P, = 0.25 mtorr Ar, B = 580 G, end-rings grounded.
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Fig. VI.27. Normalized wave parameters. Optimum negative feedback.
B, stability ritio, 7/gzr % lO—l; ®, n (LF); and 0, n (HF).
Feedback gain G = -T75 and power PF = 0.51 watts, showing LF
wave amplitude reduction and theoretical stabilization,
7/§2r < 0. Radial suppressor position is indicated. pt = 0.3k

mtorr Ar, B = 580 G.
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Fig. VI.28. Normalized wave parameters. Positive feedback.

B, stability ratio, 7/gzr X 10'1,- @, n (LF); and 0, n (HF).

Feedback gain G = 475 and power P_ = 0.88 watts, showing

F
increased LF wave amplitude and growth rate. Radial suppressor

position is indicated. B, = 0.34 mtorr Ar, B = 580 G.
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Fig. VI.29. Normalized LF wave amplitude vs. feedback gain. @,

No feedback, NF; @, optimum negative feedback, gain G* = =75,
+75, P = 0.88 watts; &, G = -25,
+25, P = 0.11 watts. Note decreas—

power P = 0.51 watts; @, G
P = 0.088 watts; and O, G

I

]

Ing wave ampl ltude with Incressing negallve feedback power, and
increasing amplitude for positive feedback. Radial suppressor

position is indicated.
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Fig. VI.30. Theoretical growth rate vs. feedback gain. @, No feed-
back, NF; @® , optimum negative feedback, gain G*= -75, power
P=0.51 watts; ©, G= +75, P=0.88 watts; &, G= -25, P=0.088 watts;
O , G +25, P=0.11 watts. ©Note theoretical stability, y<0, for
G*= =75, and increased growth rates for positive feedback. Radial

suppressor position is indicated.
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tical stubilivation. Increasing amounts of -F drive the m = 2
mode unstable without further improvement for m = 1. Positive
feedback seems to have similar effects for both cases (c¢) and (e)

in increasing ‘AIsj and 7y .

2. Effect of Linear Feedback on Enhanced Transport and Density Profile.

The enhanced diffusion coefficients in the feedback region
are presented in fig, VI.31. Observe that in the feedback region
D, (LF) is on the order of classical diffusion. Hence, little or

no effect is expected or observed on the radial density profile.

3. Linear leedback Summary.

We have shown that quartered end;rings make very suitable
suppressor electrodes for linear feedback loops. We have shown order
of magnitude reductions in the LF wave amplitade, and wave enhanced
convection. And we believe, as discussed in section VI.C.2, that
wave enhanced convection explains semi-quantitatively the enhanced
plasma loss associated with the flattening of the radial density
profile. Further information regarding the effectiveness of

feedback, or the effect of Den on ni,is not expected to warrant

h

setting up a linear feedback experiment at large radii.

E. AC Stabilization

AC stabilization means that a rectangular pulse signal is applied,
the duration and fregquency of which can be varied. AC stabilization
can be applied to any end-ring electrode configuration by using
the switching circuit discussed in section ITII.E. There is no phase

relation between the wave signal and the AC pulse signal. We merely
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Fig. VI.31l. Enhanced diffusion coefficients vs. feedback gain. B, No

feedback, NF; @, G*= -75, P=0.51 watts; O, G= +75, P=0.88 watts;

A , G= -25, P=0.088 watts; ¥, G= +25, P=0.11 watts; D’Dj_in;

@ »D, ;3 and o, L -

diffusion is comparable to classical diffusion.

Note that in the suppressor region enhanced
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wish to see if lower power levels might be required than for DC
stabilization. For example, this might be the case if what is
actually needed is a large enough voltage to draw electrons, but
only for a time long enough to extract sufficient charge. We hope
to change the plasma parameters, the electric field in particular,

to a lesser extent than does DC stabilization.

AG stabilization will be labelled by the electrode voltage, VAC’

frequency, f duty ratio, DR, and power P, .. (Suppressor voltages

AC? AC

are shown in the lower oscilloscope traces of fig VI.36. The sup-
pressor voltage is not equal to the power supply voltage due to a

10 ohm .resistor, through which the current is measured) -

1. Effect of AC Stabilization on Wave Amplitude, Enhanced

Convection, and Density Profile.

The six cases of AC Stabilization to be studied are labelled and
summarized in Table VI.5.

In case (e) the LF wave was reduced in amplitude sufficiently
(n  9.01) that it could not be reliably measured. End-rings 2 and
3 serve as suppressor electrodes here, extending from R = 2 cm to
R = 5.5 cm, as indicated in figs. VI.33 and VI.34. Cases (a) to (f)
are arranged in order of increasing power.

The wave spectra for the cases (a) to (f) are shown in VI.32,
for O to 10 kHz. We observe that the LF (~2 kHz) wave amplitude

decreases as we increase the power. The fact that the LF wave is
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Fig. VI.32. AC stabilization wave spectra at R=4 cm. Upper trace shows

rms ion current fluctuations, AI, while lower trace shows potential

fluctuations, A¢. AC frequency f=4 kHz. (a) No stabilization, NS;

(b) power P=0.035 watts; (c) P=0.11 watts; (d) P=0.30 watts,

showing increasing potential fluctuation at f=4 kHz; (e) P=0.90

watts, which is sufficient to stabilize the LF wave; and (f)

P=1.2 watts, showing DC stabilization for comparison.
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Table VI.5. AC Stabilization - Summary

Voltage, Frequency, Duty Ratio, Power

e VAC(Volts) fkingz) DR PAG(watts) Dannenck
(a) _— _— - -— NS-reference
(b) 35 4.0 0.2 0:..035
(e) 3.5 4.0 0.6 0 dd.
(d) 5.0 4.0 0.2 0 .30 Increase VAC
(e) 5.0 4.0 0.6 0.90 LF wave stable
(f) 5.8 _— 1.8 1.2 DC feedback

not stabilized until ease (e) shows that power P ¥ 1 watt is required.
A potential oscillationat an arbitrary AC frequency (fAC==h.Okﬂz) is
observed to increase in amplitude with AC power. It is significant,

however, that there is no measurable density fluctuation at f 50

AC’
that there is no externally induced contribution to enhanced convection.
The normalized LF wave amplitude profiles, E, are presented in
fig. VI.33 for cases (a) through (f). Again we observe the wave
amplitude decreasing as the power increases. The critical power level
€1g PAC X~ 1 watt, which is comparable to that required for linear feed-
back as well as for DC stabilization.

The effect of AC stabilization on the radial density profile
can be seen in fig. VI.34 for cases (a) through (f). The density
profile steepens with increasing power, indicating improved confine-
ment. We observe that the density at large radii decreases by perhaps

a factor of 2 to 3, as AC power ~1 watt is applied. As discussed in

section VI.C.2, we venture no conclusions on density at small radii.
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Fig. VI.34. Radial density profile vs. AC stabilization power for cases
(a) thru (f). W, No stabilization; ©, power PAC=O.035 watts;

A, PAC AC

and O, PDC=1.2 watts. Radial suppressor position is indicated.

Note steepening of density profile with increasing power.

=0.11 watts; @ -, P, =0.30 watts; W , PAC=O.9O watts;
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Ihe denslty protrile shape can be explained semi-quantitatively by

the change iﬁ the enhanced diffusion coeff'icient (see section VI.C.Z2).
AC stabilization does not change the radial electric field

so drastically as does DC stabilization. Changes in Er due to AC

stabilization were in fact small enough as to make any conclusive

statements regarding the effect on Er difficult, if not unjustifiable.

The Er profiles for cases (a) to (f) are presented in fig. VI.35,

for the reader to draw his own conclusions.

AC Stabiligation — A Pictorial Survey.

A more complete pictorial attempt is made to show the effects

ol" AC power, P frequency, f and duty ratio, DR, on the wave

AC? AC’
amplitudes, A Isi and A@f at R = 4 cm. In the oscillographs present-
ed in fig. VI.36, the upper two traces are the LF wave spectra from
t.he I~i and Ve probe signals, O to 10 kHz. The lower trace shows

the AC voltage vs. time. No complete profiles were taken here.

The cases presented in fig. VI.36 are summarized in Table VI.6.

We observe similar dependence of wave amplitude on power as in
~section VI.E.1l. However, in fig. VI.36, case(g), we observe that
excessive DC voltage can cause a new mode to destabilize as noted
previously in section VI.C.1l, case (f). This mode appears in regions
of large electric field shear, caused by large changes in the radial
potential profile.

Finally, comparison of cases (b), (h), and (i), all for power

EAC = 0.11 watts, shows us no significant change in stabilization
effectiveness for AC frequencies from fAC = 4 to 20 kHz.

3., AC Stabilization - Summary.

AC stabilization, described as application of a rectangular pulse
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(b) P=-035 w

t=50us/cm t=50us/cm

(d) P=-18 w (e) P=-30 w

Ve J
t=50us/cm t=50us/cm t=50us/m

(g) P=1'5 w (h) P=-11 w (i) P=-11 w
Al

Ad|

v [

t=50us/cm t=10us/c
XBB 7112-6030
Fig. VI.36. AC stabilization wave spectra at R=4 cm. Upper trace is ion
current fluctuation, AL, 0 to 10 kHz; middle trace is potential
fluctuation, A, O to 10 kHz; and the lower trace is the AC voltage
signal on the indicated time scale. (a) No stabilization, NS;
(b) power P=0.035 watts, AC frequency f=4 kHz; (c) P=0.11 watts,
f=4 KHz; (d) P=0.18 watts, DC stabilization; (e) P=0.30 watts,
f=4 kHz; (f) P=0.90 watts, f=4 kHz, sufficient to stabilize the
LF wave; (g) P=1.5 watts, DC stabilization; (h) P=0.11 watts,
f=9.4 kHz; and (i) P=0.11 watts, f=20 kHz.
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Table VI.6. Effects of P

o DR, and f

ac o8 Wave Amplitudes.

Voltage Frequency, Duty Ratio Power

e VAC(volts) fAc(kHz) DR PAG(watts) Comment
(a) S = m—— e NS-reference
(b) % 4.0 0.2 0.035
() 3.4 4.0 0.6 0.11
(d) 3.5 —— 1.0 0.18 DC
(e) 50 7.0 0l 2 0-30
(£) 5.0 4.0 0.6 0.90
(g) 5.0 S, 1.0 1.5 DC
(h) 35 9.4 0.6 O w1, Tncrease fAG
(i) 3.5 20.0 0.6 0.11 Increase fAC

signal at a frequency fAC S Q. is effective in reducing the LF
wave amplitude, which in turn leads to significant reduction of the
enhanced dif'fusion coefficient. The resulting steepening of the radial

density profile is observed with increasing power, indicating

enhancea plasma confinement. Power levels of less than 1 watt
are required for effective stabilization of the LF wave, with LF wave
power in the region of the third end-ring estimated to be ~.1 watt,

AC stabilization was attempted to see if power requirements could
be reduced from those of DC stabilization. The answer, so far
as we can determine, would appear to be no; that power level,
rather than voltage, duty ratio, or frequency is the critical
parameter, Insullicient, power leads Lo incomplebe sbabiliznlbion,
while excessive power leads Lo inereased potenbial fluctuations atb

the AC frequency, and possibly to velocityshear instabilities.
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We plot normalized wave amplitude vs. power for all three
stabilization techniques in fig. VI.37 and observe that wave ampli-
tude decreases with increasing power, and becomes stable in all
cases for power levels P '3 1 watt. We explain this effect for
linear feedbhack by means of a controlled electron sink. However, we
are at a loss to explain why similar power levels.are required for
AC and DC stabilization techniques.

AC stubilization also has a much smaller effect on the radial
clectric field than does DC stabllization. Therefore, ion mobility
in the radial electric field is still important, and the change in
the shape of the radial.density profile is more directly correlated
with enhanced transport due to the LF wave.

AC stabilization will be shown to bé a useful diagnostic method

with which to measure the growth rate, 7/gr , directly, in section

VI.G.2s

. Effect of Collisions on the Growth Rate.

1. Varying the Collision Frequency in the Dispersion Relation.

Collisions with neutrals have been included in the dispersion
relation for the rotational instability, section V.A.2. By varying
the collision frequency only, we can study the.effect of collisions
on the growth rate, ¥ . The effect of collsions on y , as calculated
from the dispersion relation, is presented in fig. VI.38, for 3
cases: (a) no collisionms, Vi = 0; (b) normal collision frequency
as calculated from the plasma parameters, Yim = novihcin ; and
The most important result to notice is that

(el Vi = 7 B Wy



Normalized wave amplitude

—— —
0 1 . | ! | o
@) 0.2 0.4 0.6 0.8 [.O
Power (W)

X BL7112-4904
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Fig. VI.38. Effect of neutral collision frequency in the dispersion
relation [ Eq. (5.18)] on the theoretical growth rate, Y. [, No
collisions, \)in=0, showing stability from R=1.5 to 2.5 cm; @, & ,
collision frequency, vin=n0vihcin , and 0, ¥, v, =5xV, ,
increase the collision frequency by a factor of 5. Collisions are
stabilizing for roots which are initially unstable. pt=0.32

mtorr Ar, B=580 G.
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collsions are stabilizing for roots which are initlally unstable
without collisions. We also observe that collisions are destabilizing

for roots which are initially stable, in the absence of collisions.

2. Varying the Neutrgl Gas Pressure Experimentally.

We can experimentally study the effect of collisions on ¥ 4
by varying the neutral gas pressure in the tank, P This has the
effect of chénging the plasma parameters, Er in particular. The
resulting theoretical growth rate, » , calculated from the dispersion
relation, Eq. (5.18), using experimental plasma profiles is shown in
fig. VI.39 as a function of P, - We observe that as the wave is
stabilized, the theoretical growth rate fluctuates more as a function
of radius. This is due to the fact that the wave stabilizing and
destabilizing forces are more nearly balanced. Wave stability is
therefore more sensitive to variations in plasma conditions, than
when a single destabilizing mechanism dominates.

The LI wave near R = 5 cm is stabilized as the tank pressure is
increased, whereas the HF wave near R = 1 cm is relatively unaffected.
As previously mentioned, this stabilization can be in part attributed
to the change in Er with pressure. The Er’ corresponding to the
three cases presented in fig. VI.39 for 7y , are shown in fig.VI.4O0.
We observe that Er at small radii is only slightly decreased, while
Er at large radii can effectively be eliminated by collisions. This
explains in part why the LF wave is more easily stabilized by col-

lisions than the HF wave.
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G. Direct Measurement of Growth Rate, ¥ /Q o

1. Azimuthal Growth Measurement.

Two methods are attempted to measure 7/@r directly for the
LF wave. The first method involves applying positive, +F, and
negative, -F, linear feedback on the upper quarter of the second end-
ring as a suppressor electrode, and then monitoring the wave
amplitude on probes which are separated in azimuth by 900. If -F
is employed, we measure how large the wave has grown 90° azimuthally
after feedback. And for +F, the decay rate is measured. In
fig. VI.41, probe B is used as the reference, located in the center
of the feedback regibn. Probe D is separated in azimuth by 90° in
the direction of propagation. In all oscillographs, the wave
spectrum, O to 10 kHz, for ISi or @ is shown at R = 3 cm. The
upper trace represents no feedback, NF; the middle trace, negative
feedback, -F; and the lower trace, positive feedback, +F. The cases

presented in fig. VI.41l are summarized in Table VI.7.

Table VI.7. Azimuthal Growth Rate Summary

Case Gain, G Probe Parameter
(a) 75 B ot
(b) 75 : B Pp
(c) 75 D B
(d) i D Pe
(e) 25 B ISi
(1) 25 D :
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(a)AI(B);ZO,u.A/cm (b) A¢(B);0.2V /7cm (c) AI(D); 20pA/cm

i fan. T

G=+75 1
o 10
(d) A¢(D);0.2 V/cm

kHz 10 0] kHz Ib
XBB 7142-6029
Fig. VI.41l. Wave spectra on two probes separated in azimuth by 90o

as a function of linear feedback loop gain, G. The upper
trace is the reference case, for no feedback, NF. The middle
trace is for negative feedback, -G, and the lower trace is
for positive feedback, +G. (a) AISi(probe B), gain G=T5,
located in the feedback region; (b) A@f(probe B); 6=75; {e)
AT _, (probe D), G=T75, located 90° downstream fram feedback
region; (4d) Awf(probe D), G=75; (e) AISi(probe B), G=25; and
(£) AIsi(probe D), G=25.
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We now proceed to calculate 7/&2r using the spectra in fig. VI.41.
The data is gummarized in Table VI.8, where the tilde,.~ , implies
that a quantity has been normalized to its unpertufbed value, with

no feedback, G = 0.

Table VI.8. Wave Amplitudes for Two Azimuths.

Probe  Gain, G Irms(pA)A o, (V) T ®
B 0 52 0.6 | probe B - reference
B 7 12 0.14 -~ 0.23 - 0.23
B 75 92 0.9 1.8 1.5
D | _ :O 66 0.5 . probe D - reference
D '-_j;75 Lo 0. 0.67 0.8
D +75 60 0.5 0.91 0.1
B | -5 36 S— 0.6 --
B 425 76 — 1.3 —
D S — o2 -~
D 425 6l —- 11—

, - .
We assume éxponentigl growth and decay, e —7t. Since probes

Bvand_D are separated azimuthally by 900, the time required to prop-
‘agate . the disfance is t = 1/4(2m /Q f).' Hence,
T(Probe D) /I(Probe B) = exp Etﬂ/2(y/9r) or inﬁerting,

, S L T :

'7/9_:i'--;ln__[1<n>/r<a>] D 6.

e
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where the (5) sign is used for the decay rate.,
If we now use the data of Table VI.8 inI}q.(6}D; we can

summarize Lh\ T3 u]t,r in Table VI;9 for 5’/@
: M

Table VI.9.‘VMeasured Growth and Decay Rates,7/Q--

.Variable; . L . :
I .. = ' 1 - R
sl-orcgf Tep @f* : ‘Isi P Tsi Tet Calculated
. : _ from
L R R . Dispersion
Gain, G | -75 =75 4715 +75 | =25 425 relation
/9, | 0.68 - 0.80 |0.43 0.26 |{0.12  0.067 0.43

Accuracy for this method is limited by our ability to measﬁre
the wave'amplitudes at different azimuths; which wegestimatevae
~157 uncertaln

If we average all the growth and decay rates for G = 75, we get

(7//9 " G—75 =0. 54 *o. 27, which includes measurement afd.

' statlstlcal error. ThlS agrees well w1th the value calculated -
from the 11near dispersion relatlon 7//Q cale -0f43-, Note. that
’ for G =75, Lhe.Wave amplltudes are small, and we can expect linear
theory.to be pore valid, However, for G = 25, the wave amplitudes -
vare'near non]inear‘satdratlon and 11near theory should not be so.

. valid. We observe that the measured growth rate falls off to

( Q Yo . =0. 094 iO 05 as the wave approaches the nonllnear
Y/ sy -G—25

1imit.

2. Temporal Growth MeaSurement
The second method used to measure‘y/’g dlrectly involves

sw1tch1ng AC stablllzatlon on or off and watching the wave decay or

e

RN
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grow, respectively; We employ this technique by switching a rec-
tangular pulse signal on_end-rings 2 to 5, simulﬁaneously. This
experimént was already set up, because we could use the AC
stébiliéatipn switching circuif of section III.E, but with a lower

switching frequency, = 4.0 Hz. (The rise time of the switching

‘ fAC
circuit is much shorter than the wave period, as can be seen in
fig. VI.36, case (i).)

Fig.‘VI;AE, was.taken using a Tektronix Model 555 oscilloséope,
employing the delayed trigger for the lower éweep. .The upper trace

shows the applied electrode voltage, V, ., on a time scale of

AC

50 ms/cm: The lower trace shows the LF wave amplitude, AIsi ., on
p%obe ﬁ ét radius R ;' 6 cm, in fhém;;éiégﬂgérmaxiéG;“;;;;_
amplitude, on a magnified time scale, t = 0.5 ms/cm.
Wave growth is observed when the stabilizing.voltage 1s switched
off, and decay is observed as the Voitage is switéhed on.

This method is not so useful for aécurate measurements of
¥ /Q . <1, since we woula like‘to obsérve wave growth‘or decay
over several periods. However, for lower growth raﬁes, this technique
should pfove.more useful.

We can still esﬁimate the order of magnitude of 7 /9 i Let.
us estimate how many waﬁe periods ére reéuired-fof the amplitude to
change ﬁy “an -arbitrary féctor of 10.. Thg'wéve appears 0 grow
or decay to full amplitude invapproximatély one periéd, with a large
uncertainﬁy estimated also.to be ~ 1 periodf(lOO%‘ﬁnéertainty).' We take
T = <2W'/Q r>’ or 1 wave peridd'as our estimate, and célculate: 7/52r
f'rom a_forﬁula discussed earlier, E/To,: 87? For T = (27T/'Qr)

and 1/T_ = 10, we get 7/2 _ = 1n(10)/2m =0.36 10.36. This agrees
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(a) Growth —4V
Vac
BN | -0.ImA/cm
(b) Decay R
| Vac _o
Al -0.ImA/cm

ta = SOms/cm
tg = 0:5ms/em

XBB 7112-6028
Figs VI.U2. Temporal wave growth and decay at R=6 cm, for the large

amplitude LF wave. (a) Growth. The upper trace is the AC
rectangular voltage pulse, VAC’ applied to the end-ring elec-
trodes. tA=50 msec/cm. The lower trace shows the ion current
fluctuation, AIsi’ grow on a delsyed ‘magnified time scale after
the AC voltage is switched off. tB=O.5 msec/cm. (b) Decay.

Isi decgys after VAC is switched on.
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‘well with the value calculated from the dispersion rélation, avéraged

from R = 4 to 7 cm, where large wave amplitude exists, of

1+

0.34 0.22. The error is the standard deviation of

7/Qr calc

the values ffom R =14 to 7 cm.

3. SUmmarX.
Both methods bf direct_ﬁeasurement ofy /Q r. show promise as
~a diagnostic tool. The azimuthal growth method; using linear
feedbadk-stabilization, gives.good agreement with linear theory for
large growth rates ( 7/Q - <-1). Accuracy is good, limited only
by our ability to meésufe wave amplitudes at‘different azimuthal
positions.
The temporal growth method is more useful for small growth
rates ( 7/52'r << 1), since we would like to bbsgrvé wave groﬁth
" over several wave periods. Good agreement is mbﬁained with linear
théory, although a large efror,exists because the wave grows to p
full amplitudevin ébout one wave period.
Agreement between theory and both expefimental methods of
méasuring the growth ratebsupports the "identification" of the

LF wave as the‘rotational'flute instability.
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7. Conclusion.

The properties of’two‘low—frequencj conerent,naves,-wave‘enhanced

_ particle transport and three methods of wave stabilization are

studied in. thcj cnondalr plasma of an HLD Two’techniques for direct
asurement of thc instability growth rate are also studled | o | ':v

The present work adds new information regarding plesma stability

based on Simultaneous consideration oi most of the effects considered‘

- impcrtant in an"HCD. "Driftbwave" theory-seems inappropriate for
experimental flute instabilities. And"va.B neutral drag theory
seems incomplete in not inclnding diamagnetic and.centrifugal gravity
drifts S . , | | |
We develop a s1ngle fluid slab model for theJ;rotational.insta-
bility including the effects of density gradient centrifugal and

Coriolis ‘forces due to plasma rotation in a radial electric field

collisions w1th cold neutrals, fluid compress1blity, finite gyroradius,

and ion_inertia. An effective ion.sink,term‘is,also included in the
eQuation'of_continuity, so_that the effects of a linear feedback
loop can be included theoretically. Alcubic dispersion'relation
resnlts;vwhich we‘solve numericall&,'using Newton's method. In the
low-frequency limit; (w/gi << 1), the dispersion relation reduces to
a quadratic-enpression which agrees with earlier workpin the‘appro—_
The'soluticn‘of-the dispersion relation explains the behavior |
0f=tWo91cw—frequency eiperimental waves on fiﬁe points offpompafiSQﬁ‘
(l) 'Sp@tial location——;ooth waves are'locatednin regions of large . -
centrifuga] and Corioclis effects, dilven by plisma rotatlon 1n a
Vradial electric field, ‘The lowerefrequency (LF ~ 2 kHa) wave is

‘¢

locatedLat'large radii in.a region of large positive;electric field.
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The higher-frequency (HF X 30 kHz) wave is located at small radii
in a region of largé negative electric field; (2) Frequency----
the measured frequencies are in good agreement with the calculated

frequencies, when the Doppler shift due to plasma rotation is .
iﬁcluded;E (?) Direction of propégation———the LF wave is predicted
and observed bo propagate in the ién—diamagnetic directioh; while the
HF wave propagates in the electron-diamagnetic direction;
(4) Parallel waveiength———flute theory, and fiﬁtes observed;'and
(5) Growth rate, 7/Q o —-- calculated growth rates, 7/52% of the
order unity, are in good agreement with directly measﬁred_values.
Both”lowefreqﬁency expérimental waves are explained well by rotational
flute theory. - |
Wave enhanéed convection is estimated by measuring Ehe correla~
tion between the density, nl; and potential, ml,'fluctﬁations,
<“1Vlr> cony :(nlml ¢/ 2Br) sin® , where ¥ is the phase between the
density and potential fiupﬁuationsl An effective "enhanced diffusion

T S _ = a . .
coefficient" is inferred, Denh \Y%s! <nlvlr) cony ? which is used

in a Simple'diffusion theory calculation. Enhanced diffusion due to
“the HF wave 1s less than or on the order of classical diffusion in
a partially jonized plasma, and - therefore 1is feiatiﬁely unimportant.
However, enhanced diffusion due to the LF wave at lérge radii is-
much larger thanﬂciassical diffusion, and is éomparable in magnitude
to Bohm diffusion;

Wﬁen enhanced diffusion is included:ih difﬁusion theory, we
Qalculate i rﬁdiul séule length; g Z-(vn n)—l, s a Vunétion ol the
trénsport coefticients, thch explains SGmi—quantitaﬁively the

observed flattening of the density profile at large radii due to
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'enhénged diffuéion.'.The LF wave ié‘stabilized,when a floating or.
~positive DO bias is appliga to the_third'donéeﬁtric'énd—ring‘elcctrode.
.Again,;tﬁe,caloulated SQale length explains well the observéd,stéep-;
ening of the density pfofiie;'in the absénce of'eﬁhanced‘diffusion.

" We do not clain that.,‘ the change in the radial density.profile‘
is due solely to enhanced diffusion. We neglect ion ﬁobility in the
radial electfic field, which 'is valid wheﬁ thé.radiél electric field
is small,kas ofteﬂ churs fof"DCwstabilizatiénT :Furthérmore,'ﬁo

.detailéd axial'particle‘balénce is'attemptédlnsiﬁéefradiéi profiles
.at othefiaxial positioné_are more difficﬁlt to dﬁﬁain'expérimentally;
However, aklal profiles of fléatiﬁg poteﬁtial_énd electron temper—:
ature ihdicate.axial.ﬁniformity. vWé aoboﬁééfvefﬁhat wheh‘bositive
sﬂabilizing voltages are appliea to-é given endéring‘CODfigufation,'v
ibhs aré're§lected aﬁd only electrohs\éfe draﬁnf Currents ﬂo the
dther:énd%rihgs_aré not signifiéanﬁly éffecﬁéd;  We §oné1ude tﬁat
Chaﬁges in tﬁé_radialvién.deﬁsityvare not dﬁé tqvaxiai losses through
V'tﬁelehdisheaths;.ahd that thé éhépe>of thé fadiél dghsity préfile
can be ekplained sémi-quantitatively by including enhaﬁbed radial '
"diffusiﬁn iﬁ‘avsimpie diffusiqn theoryi. _ 

A1l stabilization attempts on the HF wave at smai%.radii were
ineffective.' We bélievethis‘is due to largé wavé power;"estimated
on the order of 30,watts, in the regidn of'thevinne?'end-ring; Als§
thé.large negative electric field at small radii;”which drives the 3
.HF wavé,jséems éharaqtefisﬁiévqf'arc:diséhérges, and‘isftherefore.
difficult tO'suppresé; Fortﬁnétely,'enhanced ﬁfanspért dué £oitﬁév-”
HF wav§.is.neg1igible;._All sﬁabiiizaﬁioniresults refervfo.thé LF

wave at large radii..

€ e
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A linear feedback loop, consisting of a bandpass filter, a OO

to 3600 phase shifter, and a power amplifier, is-términated on

one quarter of the second concentrié endéring as a suppressor elec-
trode. Neéati?e feedback power of ~.5 watt is required, drawing
eiectfons only, to reduce:the wave amplitude by anvorder of magnitude.
Smaller feedback power éausés leés reduction in the wave amplitude,
while increased power causes the m = 2vmode to gfow; By including.the
feedback current in the continuity equatioh as éﬁ ion'sink term,

fwe weré able to calculate reduced grbwth rétes for émaller negative
feedback power levels, and stabilization for optimum power

_(~.5 watt). Wave power in the feedbéck region is estimated as

N{ .1 waﬂt. |
Unfofﬁunately,»only the inner two end-rings were quartered in

this éxberiment. Therefore, linear feedback could'only bé applied
on end-ring supﬁressor electrodes.for radii R <f 3.5 cm, where
enhanced di?fusion is cémparable to claésical diffusion. No effect
is expectéd or observed on the density profile. We concludg that
-linear feedback applied to segmented , concentric axial end-ring
electrodes is an effective methodvof reducing wave'amplitude and

eﬂhanced transport, and should be cénsidered in the design of future
experiménts with conducting axial boundaries. | \

New information is also obtéihed in the present.experiment by
inVeStigating wave étabilization“and wave enhanced trénsport by
controllipg.the axial boundaries which coﬁsist of five cOncentrié,

independently biasable, conducting rings.
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nDC stabilization".is_attemp£ed‘bycfiqating elecﬁficaliy, or
ADC biasing, a given”endfring electfcde_cbpfiguratien._eBy merely
.floatingithe third end-ring at a positive voltage, the radial electric‘
%ield can he reducedeith no.externel power requifements.> The LF
wave 1s redﬁced_or stabilized ( n < O.QiL and the radial density
profile4steepens'up'in agreemenf with oﬁfvcalculaticns,lwhich include
_ehhanced diffeeion ' increased positiee ﬁoltage cbnsistently stabil-
izes the LF wave, Qlth power requlrements ~1 watt.

Stab lization ig in part due to the reductlon of the radlal elec—
tric fleld whlch drlves the LF wave. Increased electron contact with
the axial boundary malntalns the good electrlcal contact which may
"short"’the field.t'Again,.we do not claim that the chahge of the
radial density prcfile caﬁ be attributed entireix to.enhanced |
btranspcrt. | -
ewé conclude that concentric'eﬁd—riﬁgs‘areVeffective'in v
cchgrolling the fadiel electric field .and sﬁabilizing electric
field- erven ins tahllltles, with' sma]T or no external power requlre-
ments.  Wave enhanced transport does explain, at least seml—quantl—
tatively, the shape of the_redial deneity'profile;' In fﬁturev
- experimeﬁts with.cenductiﬁg end plates, one should.consider;concen~
‘trlc end Ilnge

Anlh,stablllzatlon technlque -of . applylng a rectangular pulse
"31gna1 1s.dttempted tc see if power'requlrements can be reduced
Prom ﬁhas‘é'ofvnc, s‘tabizlizetic.n,. and if a smaller ,pe.rturbat'_iqn on the
?‘radiai electric field feeults. We flnd that the LF wave can be '
Istabilized by similar'pcwer levels, ~1 watt, w1th correspondlng

-steepening of’ the density profile. However, the'radial electric
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field is not so drastically reduced, and transverse ion mobility is' -
still impéftént at large radii. We conclude that fhé shape of the
-radial density profile can be explained consis&enily, by wa&e
enhanced transport. |

de diagnostic techniques are used to measure the growth rate
of the LF wave directly. In’the.firsh, the growtg aﬁd decay rates

are measured azimuthally as the wave propagates out of a region of

- linear feedback. This method is useful for measuring large growth
rates (v/ Q.. < Jj,‘becauée‘the wave growé significantly in a single
wave pe;iod_and because expefimenﬁal'accuracy is good. We estimate
our ability to measure wéve amplitudes afbdifferent azimuths as
~15%.Y‘Good agreement is obtained between experiment and linear’
rotational instability theory. - o .

In the second method, the‘growth and decay rates are méasured
temporally after a stabilizing 'Véitage iS'Switcﬁed off aﬁd on,
reépectively. This technique is more useful for small growth rates
‘(7 /9 - <Ki-l), since we Would like to.dbserve'wave growth over
several'wave periods. Accuracy is limiﬁed by our ability to deter-
mine wave amplitude changes during one or more periods.' In the presént
experiment; large growth rates ( y/Q e 1) introduce.large
uncertainties ( ~100%), although‘good-agreement is still obtained
with lineér_theory. |

The operatioh of a directional Langmuir probe (DLP) as a simple -
probe éhd’as'a-toolvto measure streaming velocities directly was
ch@cked,éxperimeﬁtally.‘ In particular; the stréaming'velocity was

~determined by measuring directional ion currents in a microwave

plasma device, with a known étreaﬁng velocity. The streaming'veloc-
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iﬁy was‘determined independently:by meésuriﬁg the difference in the
fobpagation speeds of “sound waves; lagﬁched in thé upstréém_aﬁd
downstregm directioﬁs. Good agreement between the'th méthods is
obtainea.‘ | )
The'properties of twé 1ow—frequehcy in§tabilities are explainéd»
well by a rotational flute.theory. Wa&e enhanced transport is
included in a éimpie diffusion theory to explain semi—quantitapively
the shape of the radial.density profile. Thféévéﬁabilization tech-
niques; uSing quartered end-rings as suppressor electrodeé, are shown
to be effeé?ivé_in‘stabiliZing oﬁe»15wffrequency_instébility;vwhich
congribﬁtes significantly to_enhan¢ed transpdr£. And.two methods

of measuring the growth rate, v/ Qr , difecily,afé found to agree

with theory.

A
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APPENBIX.

A. Basic parameters of an argon plasma. _ .

1. Cross sections.

" (a)- TIon-neutral. The total ion-neutral collision cross sec-

15

tion in'argon is giVen'by'Giledy'and Hasted asvoznﬁﬂ 6.0 x 10"

cm2 for‘ion energy ~1 éV}JJTv”Cfamef’measured the.totalrcross_secQ

— oL e S o el o S ' . ex 112

thn as_due to elastic scattering gin and charge exchange Uin'- v
15 cm2, X =0 x
o in _

ﬁe obtained for ion energyfyl ev;.gii :3.S'x 10~

_10-15 éme, and-dzn ﬁ?.S/xulOflséme. ' o

-_'Theré is some uncertainty iﬁvoived in:fhg éXtrapolatioﬁ_of

" the cr§ss‘se¢tion to 1owef ion éhergieéh( ~1 eV)'in this éxperi-

ment,’Sinée the reéonént'charge,éxchange cross Section‘ingieasés

-as eneféyﬂaecréases. Tﬁe crosé.séétion canhoﬁ bélméaéﬁ%éd égctrateiy

af_sﬁcﬁ lbw enefgies; howeyer we can.get én esﬁimatevfrom meaéureg

ments of the ion mobility coefficient. The ion mobility at thermal

energies is measuréd aﬁd éalculatéd to be 41;6‘ém2/volt?éeclla at STP,

from which the total crosé section at thermél_energies is esﬁimated |

“to belogn ~ 1.6 x 1O—lucm2; And to good éppr@ximation? Oy A~l/vih}i§.

sovthét for ion energies ~.l_§V, ve estimate d;n $8 X 10;15cm2.'

We take o;n = 6.0 x 107en®, ana estimate the uncertainty ~50% . B
Thé»major effecté of idn-ieutral"éross:sec£ion uncertainty'on, 

ﬁhe eXﬁerimental results.would be to introduce a-systémaﬁic.érrorv

in tﬁé'iép-neutra;vdiffuéion coefficieﬁt, and iﬁitﬁe thebretical

.disbéréioh réiatibﬁ. 'Since Qe arelpriﬁarily interested'in.enhaﬁééd

diffﬁsionvcoefficientS'sevéral orders of magnitude larger than
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classical, a small error in theiion-neutral diffusidﬁ coefficient
would cause little problem. We observe in seétions VI.A.6 and

VI.F thatVOrdef of magnitude error in 9 is fequired for signifi-
cant éhangés in the théoreticalvphase and grthh rate, respectively,

for the rotational instability.

(b) Electron-neutral. For elastic scattering of electroms

from neutral argon atoms at electron energies V1 eV, we estimate

6 2 11k,115
cm .

o = 1.0 x 10_l Electron collisions with neutrals

en

are relatively.unimportantAin_the présent experiment, and eiectron—
neutral éollisional diffusion is negligible‘compared with electron-
ion diffuéion.

(¢)  Coulomb. We use the e#pressioh for the Cquldmb colliéion

frequency, as expressed in Rose and Clark, v _, = ni(vrcei(vr)> .

averaged over a Maxwellian velocity distribution,lo7v

G2 a, &

v — L .
YY) .

We use this relaxation frequency to define the_Coﬁlomb cross sectioh,

0oy = yei/(niVZkTe7me) , ané take, ' )
w32 A | 2.89 x 10°1* o,
g ., = In A = In A cm (A.1)
el 32 ,(kTe)zl D kTi(eV) D |

where the Debye shielding pavrameter'A‘D EIIZﬁnikge » and the Debye
length A, = VKT /4 n.ez .
: De e i

2.  Ionization:
The first three ionization potentials in afgon are 15.8, 27.6,

116

and 40.9 volts. In order to estimate an ionization rate, we

integrate the Maxwellian electron distribution from energies above
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the first ionization threshold, Ei‘= 15.8 wolts. Rather than

integrate_ove; thg ionization cross sectioﬁ, we take the worst case

of uniform cross section at the maximum value, o, (max) = 3.6 x'lO-16
. . i ] » ] X

2 117 | L
ém”. We obtain a maximum ionization rate, :
- e \ -E /kT -
B =(nvo, )2 n v, o (max) e 1'"e

ThiS’exﬁfeésionVis used in section A5 to éhow that ionizaﬁion is
nggligiblé in the secondary piagma surroﬁnding an HCD.

3. Recombination.

Several authorslrepdrted the dissociative recombination of Arg‘-

molecular ion in thermal micfowave-argon ﬁlasm353l}8’120

\mhmsof
thevvolume dissociative recdmbinatioh coefficient lie beﬁﬁeen

1076 ana 1678 cw’/ion-sec. At electron temperatures of a.

iadiss =
few tenths of an eV in an argon arc discharge, the volume recom-
bination coefficient 1s measured between o =2 x 10710 and 4.2 x 107°

cmB/ion-sec.lgo’IEl_ These.authorsPOStPlatedqussible creation of
. N v
2

éoefficients were still severdl orders of magnitude‘larger than

‘of the molecular ion Ar as an explanation for the fact that their .

expected for radiative recombinatioh. Olsen and Huxford measured

the radiative recombination coefficient by Stark broadening in a

15 123

= 2.5 x 10° cmB/ion-sec; The électron

pulsgd dlschargg, afad
temperature is T =.83 ev.

In the absenee of evidence for molecular ions, as well as

electron temperatures more compétible with oﬁrs, we take the radia-

,tive*recombination coefficient @ =2.5 x lOleCmB/ioh-sec.

Radiativevrecombination is shown to''be negligible in the present

experiment in section A.5..
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4. Plasma parameters at R=l4 cm.

We now calculate ‘some of the plasma and‘ané rarameters for

a typical argon plasma, in the ?resence of two large-amplitude,

loW—frequency waves. Results correspond td the typical data set

discussed in section VI.A, but at R=4 cm. Pressure pt=.25 mtorr

Ar, and,magnetic field B=580 G.

(a) Basic parameters.

Neutral density: ' - ong = 8.8 x i012 em™
Ton density: | ‘o, = hoh x loll o
Electron.temperature: vTe = .EO‘eV

Ton temperature: T, ~ Te/lO = .05 eV
Floating potential: , ¢p = 3.6 volts
Plasma poténtial: ‘ | ’@p = 5.3 volts
Radial electric field: E, = .21 volts/em

(b) Characteristic velocities.

Thermal: : N
Vih - ‘EkTe;m = 5.95 X 10 m? b3 x _lO7 em/sec
Vih = 423T17Mi = 1.38 x 100 JT&(eV)/A(amu) = k.9 x 10" cm/sec
Sound: | S '
Vg = “EkTe;Mi.= 1.38 x 1067er(ev)/A(amu) = 1.5 x 10° éﬁ/séc

Drift (DLP):

Vig = J(Te7Ti) <Vs/u)‘AIsi/Isi ;vh.e x 107 cm/sec

(¢) Characteristic frequencies.

Plasma;

'.aEB = b neg/m =5.>.7'x'lOLL Jni(cmf3) = 3.8 x 1010 sec_l:'

pi -

w . =Nk nea/Mi =1.32 x 105'J£i(cm—5)/A(amu) = 1.4 k 108-
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Cyclotron:

Qé = eB/me = 1.76 x 107 B(G) = lolo,sec-l'
- b | )
Q; = eB/Mic = 10 B(G)/ A(amu) = 1.k x 10° sec™t
Collision: ~O1 _
o i . 3 -1
Vip = novthcin = 2.6 x 10” sec
vV _=nv = 3, lOu -1
en =~ "0"th%n 7 x sec
V= 0.89 x 1074 n (cm 5)1n AD/kTB/e(ev) = 1.9 x 107 sec_l
v =alev = 5.4 x 107sec™? '
- ee el ,
. Wave:
LF = 1.8 kHz HF = 56 kHz
Plasma rotétion: _
R ,
| e, = vaa/ 2TR = 1.7 kHZ
- Diamagnetic drift:
o, =KT -cb/2TReB =0.85 kHz
wp; = kT,c8/27ReB =0.083 kilz
Electric drift:
@, = E,/27RB = 1.5 kHz +
Centrifugal drift:
A - _
@ = g/ 2nmRg, = a_/2ma, =0.13 kHz.
(d) Characteristic lengths.
bensity»scalei ' a, ==(V1n n)fl =L4,1 em
Tempérafure scale: ""_'_ 4 =;(V1h T)_l_s 27 cm

Debye:

: L o , ' . o _y
Ape = _kTe/hﬁne = T40 vae(eV)/ni(cm 3) = 7.9 x 10 * em

i o

Vth/gze —-4.? x»lO._ cm

Gyroradius: v iai

a
e



|

Mean-free-path: v A =19 cm

i .
in. ~ Vth/vin

- e
ken'" Vth v n= 1100 cm
e
Mo = vth/vei = 2.2 cm
Moo = V£h/v =0.79 cm

(e) Diffusion coefficients.

Ion-neﬁtral:

ffin = Mo th/5 = 3.1 x 105cm2/sec

- 2\ 2 2
Dlin ”LN/( Q Tin) = 1.1 x 10%cm /sec

Electron-neutral:

e ~_ 10 2, .
Difep = Vth/B = 1.6 x 10 cm /sec

Dien

2 2 2
D”en/(l+ge Ten) =021 cm /sec

Fu_]_ly-ionized: .__5 ( ) ) |
: n,(em ) (kT +kT,(eV v
5 i e 1 = 3.0 x 102cm2/sec

D, . = 9.8 x 10
et B (c) kTZ/Q‘
Enhanced: | Dlenh = n1¢lc -
EREWni
(LF) = 3.4 x 103cm2/sec'v
Lenh(HF) —87 cm /sec
Bohm: -
D"‘ = (kT _+kT,)c/16eB = 5.9 x lO3 cmz/.seé
“Bohm .t e i , :

(£f) Mobility.

By = eDLin/kTi = 2.1 x 1030m2/volt-sec

5. TIon accumulation rates.

The ion continuity equation can be written,

on -

+. V. (nv) a4 B.n - | A.2)
ot _ Oﬁ T - ,



We consider ion: accumulation

ionization,

4n ~an

nv, = -Dliﬁ—f = Dies —
T Uher TToor
nvz = =D !'in (l + Te/Ti@
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due to transport mechanisms,

and recombination. The ion currents can be written,

/

7 3n ‘
-D —_— Y nE
enh ar . li? ‘

(A.3)

r -

an

A
YA ‘

~where the transport coefficients are definéd_ih Appendix B._vWe

estimate the accumulation rates from the Eqs.(AIQ)ﬁo(A;H)aﬁd from

the transport coefficients.

. Ton-neutral diffusion: _
| R B |
Dy /o 62 sec”
: 2
it
Dpar 2 (1 + T/Ty) =
v o eff
Fully-ionized diffusion:
2 1
‘pei/g = 18 sec

Enhanced diffusion:

i

DLenh(LF)/q

Dlenh(HF)/qg

‘Mobility:

il

5.1 sec

-Hlin Er/q =

Recombination:

107 sec-l

‘. n, =0.11 sec_l
- R -1 .

‘Ionization: » ,
‘BI 2 2.6 x 10_9 sec"l

200 sec"l
-1

300 sec™!
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The dominant ion accumulation mechanisms at R=t cm are enhanced
convection due Lo the LF wave, and mobility in‘the réaial glectric
field.. Thesekproceéses are larger than classiéairdiffusion at
R=lt cm. However, where the wave amplitude 1is small; or stabilized,
apd Ef'ia small, classical diffusion dominates. |

.Radiative recombination, Folliqional ionizatian, and enhanced

transport due to the HF wave are megligible.
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B. Transport theory.

The basic transportimechanisms-to be cOnSidered_here are weakly
ionizea diffusion,vfnlly ionized-diffusion, monility in an electric‘
field?_and wave enhancea convection. Local prqduction and recom-
bination.are estimated in Appendir A to pe negligible in the second; 
ary piasma of an HCD.. The effeCts_Qf a uniform axiai“magneﬁgc

field, B, are included.

1. Weakly ionized transport.

- The diffusion coefficients in a weakly ionized plasma;_where

. - o ' - . 1ok
Coulomb collisions can be neglected, is given by Allis:12
1 . Qd- Tom’ - 1
1+ 85 12 14+ o8 o
S - T 1
D = B @ an N 0 ~ (B.1)
R 3y 1+ 00 1o 1% g e :
an : Tom a ‘om
_ o 0 1
— . o o -

Where faﬁ is the coliisien'time with neutrals, and Vi£ is the
thermal velocity fOr‘sﬁecies . The mobility tensor can be expressed

in terms. of the diffusion tensor, by means of the Einstein relation:
Bon = 7 Do o (32

', 2. Fully jonized transport

Kaufman calculates. the fully ionized transverse dlffusion .
coefflclent for the case of unequal electron and ion temperatures- )
, S 5
“n ¢

lei”” “lie ~ L 'Be (kTefkT_i,)v ’ S (B.?)
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8 ™ :ml/ee2
where the transverse resistivity n, = - - :
| 13 2 /e

Thermal gradients are neglected.

5. Enhanced convection.

Cormelated density and velocity fluctuations can lead to net
. cOnvection of plasma acfoss B. Thebtwo large amplitude, low-
frequeﬁcy waves present in the HCD are treated in this manner. The

‘net time-averaged convection can be writteh:
o . 1 +T : . a .
<nvr>conv = — n,(£) v_(t) dt
2T -T .

Often the radial veiocity;vr,is due to a fluctuating azimuthal

electric field, E g’ SO thatvvir = Eiec/B;‘ Wé linearize for the

1

case of a coherent perturbation with the frequency, w. The

density'n = nO + nl cos wt, and the radial velocity

V.= V. + Vy,. COS (ot + A), where A is the phase angle bgtween‘
the density and velocity fluctuations. -If we neglect the zero-

order radial velocity, and take the time average, we get,

1l1r

<nv. > = cos A (B.- 1)
r “conv : , v
If we assume Vi, = Ele c/B, and Ele = _lkl¢1'; -1 m¢l/r, we
have, ' _
. L ‘n, ¢.¢c L
<nwv, > e sin ¢ : (B-5)
r conv - v

where ¢'= A o /2 isrthe'phasé angle between the. density, nl,

1,12

and potential, ¢l, fluctuations. - From this expression, an-

effective enhanced diffusibn-coeffiéieht will be inferfed,

<ny 2 =-p%_ v  (3:6)
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k. Bohm diffusion.
The expression we use is:
c (kTe + kTi)

D = - ' . - ) . ( B"‘?)

'Bohmldiffusion will not be included in the diffﬁsion equation, and
will serve only as a reference with which to scale other transport

mechanisms.

5. Ambipolar'difquion.

Aﬁbiﬁolaf diffusion oécurs when_one chargea ﬁarticlé species
tfiesvto‘diffuse faster than another,}due fo collisions with
neutralsf ‘An'ambipolarﬂelectrié field arises which equalizes tﬁe
'.electrén andvion Curfents,vthus_ﬁaintaining cﬁarge,neutrality.

Golant calculates the following expressions for the transVerse

ambipolar electric field and diffusion coefficient: -
D, - v “Vn o
Lin " Djep - B KTy Ymoo
Blamp = ~ — = . (B:8)
: - Hlin f’”len  " e - n
: MienPlin ~ MrinPlen P
Dot = - (B-9)

u_Len‘—lu_Lin
Expérimeﬁtally, the radial eleétfi; field is found to Be_mﬁch
la:ger than the'célculated émbipolar'value. Scb&itzke‘argued that
thisvfiéld arises due.té transvefse grédienfs iﬁ the electron
tempefature and currents to the end'sﬁéa;hé.lo9 The temperafure
_gradient is‘due to collisional'cooli@g._'The feéulting plaéma
Potenﬁial gradient arises fbr the grounded end;ﬁiaﬁevcaSe because |
fhe poteﬁﬁial,drop acrOSS the.end sheath 1is proportional to Te.

Changes in currents to the endvsheathS'can ;ééult:in large potential
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. 5-7
changes. Large nonambipolar electric fields are reported.

6. Effect of temperature gradients.

Particle currents due to témperature gradients are of the

order Dl n_VT/T , as compared to Dl Vn/n due to density gradients.

Vln kT

o = /% - From

data in Appendix A, at R=l cm, qn/qT #0.16 . And near R=1 cm, in

The ratio of these térms is df'order

the region of large temperature and density gradients, qn/qT ~0.58.

The effect of temperature gradients is negligible at large
radii, since the temperature érofile is nearly flat. At small .
radii{'iﬁbthe region of large density and temperaturé gradients,
the effect of temperature gradients is not negligible, however it
is not so important as that of density gradienﬁ.- Transport due to
temperature'gradients is:neglected.

7. Diffusion equation.

The above transport mechanisms yield net particle currents,
which must be balanCed'by the particle conservation equations:
on
Q

2 _ :
g;- + vV (n v ) ~opn o+ B % (5.10)

where‘aR‘is the recombination rate, and Bi is the ionization m te.
Recombination and ionization are found exPerimentaliy_to’be small
in the secondary plasme of an HCD, and will bé néglécted.5 (see
Appendix A). |

The particle currents for species « can be written down:

[0 0
nv.

r '-(Dlan- lel)'g— * uhdnn E + (av r> conv (Bfll)
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nv' = - + uHin nE, _ - (B.12

n
Diin 55

Cylindrical symmetry requires no net charge aecumulation due

to azimuthal drifts. The parallel electron-neutral mean-free-path

hen , 1s larger than the system lehgth 'L, and-most of the electrons
are reflected by the large potentlal drops at the end sheaths In.

addition, the mean—free path for electron electron collisions is

small,lll xee f 1 cm. Hence, “the electrons can be assumed to be
in equilibrium along the field lines, n(z) = n_ emp (e¢/kTe). ’
The resulting axial electric field is E = - (k1 /e) (1/n 3n/32).

The akial electroﬁ curfent vanishes‘to iowest Q?der,‘and the'ion
 current can be wrltten | _ ‘ ,
| nvi.= - D” 0 (1 + T /T ) an/az | B . (B.13)

In order to solve_the above‘system of equations for the ion
density,xn(r,;),.we make the foiiowing assunptions: (1) Steady
stete, aﬁu/at =0; (2) \n(f,s) = n(r) cos (Wz/Leff) ,vwhere‘Léff
18 the effective length of the diffusion region; (3) Radial
convection can be expressed in terms of an effecﬁivevenhancedl

diffusion coefficient, Denh'v = - {(nv >a. av ,. which is reasonable

for sufficiently small radial variations; and (4) Mbbility in the radial

x,electric fle]d B p? - can be neglected. Assumption (2) is shown to

be a good approximation infsection'VI.A;E.- Leff is the effective

length of.neutron transport theory, required by the boundary
conditions of zero'density and Zero.return current. _ We assume
that the parallel ion-neutral transport mean-free-path is increased
by the factor ( 1 «+ Te/Ti)’ Nerr = Mip (1 + Te/Ti)-, similar to the

. | _— ,
\ /) T = - N
axlal ion current Eq.(B.12) , due to E . Phe?efore Lese = L + 3_§?ff~




i
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Assumption (h) is perhaps the worst. In Appendix A we found that
whenba large radial electric field is present, radial ion ﬁqbility
isbimp0rtant. In this case no analytic solution can be obtained
for the ion density, n(r,z) , without specific éséumptions about E_.
However,. if the radial electric field is small, as is often the
case when dc or floating potentials are applied to the cénducting
end—rings,‘thén én analytic expreséion for the ion‘density'préfiie
can readily be obtained. |

Witﬁ assumptions (1) thru (M),'the ion confinuity equation

can be written:

g, 1 3 ., om, : an,
— = — — TD e +— D, (1 +'Te/Ti) —= =0
St - r or or dz : : -z

where D) .. = DLin + Dlei + D, + Using assumptlon‘(Q), this

reduces to:

13 _dn(x) | on(x) _,
r or ~ or 2 o
where, - ’ /
L D 1/2 .
q ==X def'® (B.14)
i Dihin (r + Te/Ti) .
The resulting Bessel equation has the solution,
n(r) = A K (r/a) + B I_(r/q) (B.15)

For gq<< r, which is reasonably vadid in an HCD for large tradii
§ r‘5,5 em ), where the density gradient is not so steep, the

Bessel functions of imaginary arguments can be épproximated,'
K (v/a) = (B2 o Fa (5.16)

1 (r/a) = (5%;_)1/2 e */a
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When g<< v, a nearly exponential radial density variation is
predicted, with radial scale length q. FObservatiéﬁs-of the’magni—»
tude and parametric dependence of g may yield information on the

magnifude and type of diffusion mechanisms ,present.g’32

In the' present experiment,.the measured scale length will be

comﬁared with a calculated value in an effort to show the importance'

of wave enhanced convection.
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C.. Langmuir probe theory.

A Laﬁgmuir probe is a small metal electrode thch is immersed
in the plasma. When a probe is connected to.an e#ﬁernal biasing
circuiﬁ, oné {finds that much useful information éan be obtained from
the magnituae and shape of the resulting prgbe chafacteristic———
i.e.,vprobe.current vs. probe voltage. 'for example, we can determine
the plasma density, potential, and electron temperaﬁure in the
vicinity of the probe tip. In this manner one can readily obtainv

a spatially‘resolved profile of plasma paramters.

1. Simple probe theory.

Classical probe theoryB'is based on the following assumptions:

(1) T, << T.

1 e -
(2) XDe'<< R.p
3y rp 7 Ry
(4) B=0

(5) vy << Vg

(6) Fluctuatidns negligible

Assumption”(l), Ti<<Te, is necessary in qrdervto solve the
Langmuir-Child space-charge formulation in the Ysheath® region. In-
complete'shielding of the probe is implied.

Assumption (2), Xﬁe<<Rp, reqﬁires that the sheath,thicknéss be
much 1es$ than the probe_radius. The_probe collection area can
’_then be approiimated by the’geometrical area of tﬁe'prObé ﬁip.

The electric field due to the probe extends only a few Debye lengths,
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AD.,lUtO.LhP plasma, dnd is a fonctlon‘or probe voltage. Assumptlon
(2) dlso requires small change in collectlon area with probe voltage,
hence the elootroo and ion cufrents should saﬁurate in The large probe
Voltage limits,‘in the absence of magnetlc fields..

Assuﬁption (3)’vkin>?Rp’ etetes that the orobe presence does
not appreeiably perturb the piasma{ Ione/are'replaced by random
LOlllSlonS as fast as they are lost to the probe.‘.

Assumptlon (4), B = O , Implles we can neglect magnetle effects o

for now, and dlscuss them later.

Aesumption (5), v Vg << Vg requlres that ‘the plasma drift
velocity be‘sufficieﬁtly small, so that partlcle collectlon is
negligibiy affeoted.' Probe theory in a'deifting plasma is diseussed
furthéf‘in:Appendik D. |

'_Aesumptioh (6), regarding ﬁﬁe'effecﬁ‘of fluctuations, will be
diecussedvin a ]atef section., | .
' With these assumptions, Bohm,'Burhop;_and Massey3 derived an
expression for the saturated ion curreot to a négativaly biased
‘probe; 'The ions are.accelerated to the.sound speed when they.reach

the sheath, V_ = WMZkTe/Mi' . This is knowniasvthe-Bohm,sheeth

criterion, and is a necessary condition for a. stable solution of the

Spaoé'eharge equatiOne. ~The resultingoexpressioh for the saturated

ion current is:

e A 11/2
.vLsi‘— Lni?(sze/Mi) -IVA probe
~where the factor C is determined by space charge and'geometricel'
' K . , -
effects. C =0.40 is obtained for a spherical probe, which we will
take as a good estimate for a cylindrical probe. Soiving:for the

ion density,
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n, = 1.13 x 10:!'2

Ihe electron temperature can be calculated from the probé character-

istic, if we assume that the electrons dre reasonably Maxwellian,
Then as we increase -the probe voltage from the ion.saturation region,

we begin to collect electrons. In this cagse we calculate,

Ce/kT = a/dv In [I(V‘) I, - (c.2)

'Experimentglly, the electfon temperature can be.determined from the

slope of.a semi-log pldt of the probe characteristic, [I(V) vs. V].
Hail calcuiated the relationship between thé plasma potemtial and

the fleoating potential. 101 ot the plasma potent]al,v ¢p’ a probe 1is

at the same potential as the plasma. There are no electric fields

due to ﬁhe.probe, and particles are collected due to £hermal and drift

motions. The floating potential, ¢., is defined as that potential

f’

for which the probe currents for the two species. balance, and no net

current is drawn. If we balance the ion and electron currents at
¢f; and assume that only slectrons with sufficient energy to get

up the potential barrier will be collected, we obtain,

S = , \ = -
¢p ¢p + ATe/2e ln(k‘le._Mi/mekTi) ¢p + ykTe/e .((J 3)
If we_assumé-that jons are collected at the electron temperature,

due to the electric field penetrating the plasma, we write,

Y= 1/2 1n (Mi/mé) : o : : | (0.4)
For‘argon, y= 5.6, in agreement with the theory of Laframboise,
which includes the effects of finite sheath thickness and trapped

particle orbits.106
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2. Effect'of magneticdfleld.
| -A magnetic field reduces.the transverse-meanffreenpath to the
gyroradlus O If the-ion gyrcradlus ai>>Rp, then‘the collection of ions
.]s re]atJVHly unaffected. Howerer, in'general'ae g Rp’ and'electroh
400]]9@t10ﬂ is- sfrongly affected
Chen derlved express1ons For the reduced electron currents, when
clectron collcctlon is dlffusron llraltedlo2 /103 However, he claimed
that Is'i' is negligibly 'affected, if'ai/Rp s 7. Hudis verified
experimectally_that noveffect on Isi is obseryed' ifﬂ ai/Rp S‘v2.
Er0wn, Compher,'and.KunkellOu studiedrthe‘eXperimental effects of
a strgng magnetic field in hydrogeo, for’054a2 di/Rp ? 10. 'Theyvclaim
B has small effect on the shape of the‘probe characteristic, and hence
the electron temperature derived'from tﬂe slope seemsvto agree with |

the temperature measured with a. three grld energy analyzer

However, the electron current to ' a floatlng probe may ‘be affected
so that the expression for the plasma potential [Eqs. (c. 3) and
(C. 4)] may be modified by strong B. They also report an empirical

expression for the reductlon of I ci 38 2 function_of ai/Rp.

Reduction in hydrogen is less than 30% for a, /RP = 10.

For the ‘characteristic parameters presented in Appendlx A, we .
calculate a./R = 13.5. Magnetic effects will be ignored here.

3. Effect of fluctuatlons.>

Fluctuatlons on I 5 and ¢f can be 1ntegrated out. - However, fluc—
tuatlons in nl, ¢f, and T do 1ntroduce uncertalnty 1nto the. measure—-’
ment of Té' The Langmuir probe sweep cha351s, flg I11.4, has been

designed to minimize stray capaCitance, in order to get ‘accurate probe

characteristics.
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'Warren5 studied the effects of low-frequency coherent fluctuations

on the probe characteristic. The envelope of the fluctuations on the

probe characteristie changes shape due to the changing plasma
impedaﬁﬁe, determined from the slope of the V - I probe charac-

teristic. Warren studied the resulting Te obtained from the maximum

"and minimum of the envelope, as well as from the four characteristics

obtained by enhéncing an oscilloscopé trace Oo,.900,1800, and 270°
af'ter the péak of a reference signal. .All\values for Te are reported
to lie wiﬁﬁin those obtained from the maximum and minimim of the
envelop, with a spread of ~ 30%.

, We‘measure the probe characteristic. by integnating out the
fluctuations, and realize that the result may be ﬁncertaiﬂ to
T 25%. iemperature fluctuations are’ ignored.

4. Perturbation of plasma by a probe.

1

Ecker, Masterson, and McClure note that the presence of a probe

in a plasma'suqb as the positive column of a glow,discharge may

introduce errors by perturbing the plasma in the icinity of the
probe.129 However, in this experiment the plasma potential is
determined by the currents fo the coﬁducting‘end—ring sheaths. The
electron-neutral mean-free-path along tﬁe magnetic field lines is long
compared:to the system length5 Iherefore, the plasma potential is
dominated by the aXiai boundary sheaths. A Langmuir prébe ié a
small perturbation compared with the conducting_end—rings.

In practice, the presence of one probe ééuses ﬁegligible
effect on a reference probe signal, eXcept_for,the following éon4
ditions: (1) the probe is'inserted at radii less than 1 cm, near

Lthe primary arc column; (?2) the probe is drawing large electron

—



~plasma edge when not being used, so as to minimize the chance of

 satisfaction of assumptions (1) to (6).

of trapped orbits are negligible.

.Hence'the.pfobe tip does not significantly perturb the plasma. o
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currents; and (3) the probe is on the same axial maghetic field -
line. Typical probe measurements are‘obser?éd to have no effect on

a reference'probe. Care was taken to withdraw probes beyond the

extraneous perturbations.

5. Validity of’ simple_probe'theory.

We show the validity of simple probe theory, based on the

In 1954, Allen and Thonemann replaced the probe'radius;Rp,With

the sheath transition radius,Rt,in order to caléulate the collectior

area more precisely}os_ They reported that the‘improvement-in

resulté was bounded by é'factor of 2‘if Rp/ ADe s 30. Using the
characteristic parameters ﬁfééentedvin Appendix A, we éalculaﬁe.
R/ Ay, ¥ 33 | | |

Laframboisé employed humeriaai{ahalysis for a Maxwéllian ion
distributjon.106 HQ congsidered or;itél anguiar moméntum,_and showgg.
that tfapped»orhits can reduce Isi’ and that the gffect-of angular
momentum.can be parametrized by the rafiosT&/Te and Rp/‘ADe'

For Ti/Te 2 0.1 and Rp/ aDe> l,:thisveffect.can be'ignored. Our

f"calcﬁlations yield Ti/Te ] O.l;'and_Rp/ De- z.33\> 1. The,effects_

We calcula@e. Ain/Rp = 730, and éi/Rp’g 13.5 from Appendix Af.

o

o 102,103

Ch claimed that the effect of B on Iéivcould bé_neglec_

. 6,10 . o :
ted if ai/Rp $ 7. Hudis™’ studied. this result experimentally,

observing negligible effect-on'Isi for aj)Rp s 2. The effects of



~Y Y P 1% B e ;o - - g Bl
Lo U U9 VAR B G O 2

-183-

: : b
B on lsi are neglected. - We also neglect the effect of B on Te.lO

The secondary plasma of the HCD in,afgon satisfies the require-
ments for simple probe theory to give a good estimate of n., Te’ and

¢p. Hence, the simple expressions presentéd here will be employed.



~184-

D. . Directional Langmuir probe theory.

The directional Langmuir probe,(DLP).can be used to measure
particlecﬁrraﬁﬁ directly and éésiiy. .Directibnal means that the
pfobe'tip is shielded, so that particlés‘sﬁrike the probe from a
restrictea solid angle only. We will use a model presentéd by
Hudis'and Lidsky to express the iohzdrift velocity as a function of
the direétional ion currents, measured usiné a DLP.6’lo

in»19§4, Brundin considered’the Qalidity of a Langmuir probe
‘in aiétreaming plasma.l?q He clgiﬁed thét for drift velocities
much greatér thah the ion thermal Veiocity, Vé ;?:Vih , ions are
collected:qnly by streaming directly into the probe. No ions are
collected iﬁ the wékef  In_this case, he wrote dbwnqan expression
for the saturated ion cUrrent to a cylindrical - probe;

. _ ) i N
I .nOeVd (v RtL)f

; is the sheath radius; 

where L is the length of thé_prqbe"tip,_ and R
- Validity was predicted for Mach numbefé,vM'§ 4. bExperiments in the
Wind tunnél bf the University_of California Aeronautical Sciences
Laboratory151 for M = 6, g,laﬁd i2,'ferified that'the.ion density
could accurately be determined by a”measufémenﬁ of the satﬁrated
- ilon current-in‘é plasmé étreamiﬂgiat a known velocity. |

v“' In 1970, Hﬁdis'and Lidskyé’lo'iﬁproved OﬁBrundin}s model, and
invéstigated‘the experimental chérécteristiés_of.the DLP.for'lower
drift velocities, Vé'? st. Théir fesultévwiil be sumﬁarized and -
modified'heré;-LWe consider a DLP,gas,in.fig. iII.S,‘designed to meé—‘
sure isi.in a preferred di?eétion tthugh a 1K resistor. Simple. 

BN
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probe theory applies and all the same conditions (Appendix C)

are satisfied.

- Consider a uniformly drifting plasma,

with the drift velocity less than the sound speed, V; V.

Shielding of the prdbe is incomplete, and the ion is accelerated to
Vq al. the shealh cdge. The sheath ilself should be unper turbed

for V;_ ? V_, However, the penetration of the probe potential

into the plaama is changed, depénding on the direction of streaming.
This effects the density at the sheath edge,vthrough the Boltzmann

-eV/kTe , 8o that the particle flux to the probe is

factor, e
shifted. The degree to which we can measure this change in ISi
determines the effectiveness of this method.

Hudis and Lidsky calculated the density change at the

itransition edge,

_ -1/2 iy giyR 4R
ni(Rt) =n_e exp [-(Vi, vy /'VS ]
' . . .. 1)
. -1/2 i2 iz 2 4 oii 2 @
=n_ e exp [—(Vth + Vd )/Vs = 2Vthh /VS 1

whefe n is the unperturbed density away form the probe, and
. (o]

Iyt

g represents ion streaming toward or away from the probe. The

factor, exp [-(Vii + VgZ)/VE], will be neglected, since in our case,
. . :') 2 :
V12 vifeqy

th? Va ., and more importantly, this factor is independent of

the direction of streaming. They noted that the thermal velocity
must be inéluded, or only particies streaming aireétly into the
probe would be collected, as in Brundin's model.:

If AIsi is defined as the difference in Isi‘when the particles
are streaming toward the probe, and whén they are streaming away,

1 T~

Alsi = I+ =1, they get
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o -2
= - ’7
AL, = I [ exp (2VdVth /V ) - exp( Vthh/V

_ 1 i,
4ISI d th /V

o : . ) : ’
using the fact that V Vth << Vs’. to expand the exponentials.

d
Rewriting, ‘ ' | i
l . . N .
4 7 I I _ . _ -

1
where Isi % l/<(I+ + I—). This expression will be used ‘to express .

the drift velocity in téfms of measurable quantities; /
Wé now calcuiate an expressibﬁ for the radial electric fiéld,
E;; as é fﬁnction ofbthé obsérvables. 'The ion equaﬁion of motion
can be written,
Ming¥; = nje(E + /e x B) - vp; + Mynig + Moy, x g -Myngv, v,
(D.3)
where Q =V /R is the- rotatlon frequency determlned ny thé measured
azimuthal drlft vy = vde(DLP) . The centrliugal‘grav1ty_g = Qi R,
and vin is the ion-neutral collision fre@uency; We defins

A : 1+2 QO/ e, B Z BA s and Q% = Q, A . Then solving'fof

the steady state drift velocity,

.

A dnoy B0 S W, 8 oo
de Que BY T eB*  n, o
We see heére that ‘the azimuthal drift velocity is the sum of the o,

_ electric, ion—diamagnetic, and.gravitatiohal drifts. 'If-we examine N
fig. VI.11, wevsee thét the electric drift is in. fact the dominant
ion drift at large radii and our results to lowest ordér are-

similar to those of Hudis and Lidsky, who inéiude only the electric

-
e
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drift and collisions with neutrals. However, at sméll radii, the
gravity drift and ion-diamagnetic drift become comparable to the

electric drift and should be included. The expression we use for the

-

glectric field is,

2
N Vv, kT.c Vn.
- Vool + o) + Bg - —— 2
T | ¢ d R Q% QB* n, (D.4)

We now gquestion the experimental validity of the DLP on six
counts.

First, we checkvto see if the DLP is opérating correctly as a
simple prdbe. When two Valqes of ISi =1/2 (I+'+-I_ ) are obtained
by averaging the directional ion currents in the axial, |
Ipi(2) = 5(I,, + 1, ), and azimithal, 1,,(8) = 5(T , +T,),
directions, the two values agree to better than 10%. This éhows that
our model applies to particles collected parallel and perpendicular
to B, that the collection procéss is not affected by B.

Second, we check to see if the averaged direcﬁional’ion_currents.
to a DLP give the same ion density profiie as a e¢ylindrical probe.
The DLP has a. collection area, ADLP = 3.56'mm2, including the semif
circles at each end of the slot, while cylindrical probe B has an
area AB = 3.4 mm2. We would expect the ratio of the ion Curfents
to be Isi(B)/ISi(DLP) = AB/ADLP =0.96, If we ave?age this rétio pverv
the profile for the typical daté'case, section VI.A, we get |

Iy (B)/ Isi(DLP) =0.96 fo.2o,<in»agreemeht with the predicted
value. ‘

Third, we check the shape of.the prdbe characteristics,

(V-I plots), for directional currents in the axial and azimuthal
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airacbions, The probe characteristics arebshown.in_fig. D.1., where
IDand EDréfer to,azimuthal sfreamigg in the ion- énd electyona"
diamagﬁetic direétions, énd C and A réfer,to éxial_streaming from the
ca£hode andvagode_difectio;s, respeétively. All probe cufves

yield the samevelectron_temperaturé Lrom a‘sémi4log plop'of the
charactéristics, in égreeﬁent withvthe>e1éctton tempefaturé‘obtainéd
from a cylindir{CAJ probe. .

.. Foufth; wé-would’liké a airéct experiméntal éheck that the
streémihg Vélocity, caiculated in &q. (D.2),is gcpuréﬁe.v To do this
we measufévdinectibnal ioﬂ‘cﬁrfentsvin é-plaﬁmécaeVicevwiih a known
streaming Vélocity. - | |

| .BréwﬁJeﬁ. al. rébortéd on.such a éevice at'ﬁhe Léﬁrence_Berkeley

Laboratory called COMPLEX, for "Cold Microwave Plasma Exp_eriment".-3

. Microwave power is coupled to. the electron gyroresonance using a

135

"LiSitano‘Cdii" The.plasma then stréams the 1.5'metef length
of the é&sﬁem:aléng';nléxial'magnetic field of B'? ivtb lO‘kG.b
Thé.plasmé flow velocity is'determihéd by measuriﬁg'ﬁhé‘difféfénce
v in)the-gpstream and-dognsfream propagatién:speeasfof_acoustic waves.
Ion-écéustic‘wa§es are launched using grids immersed in the plasma,
and by pulsiﬁg'tﬁe micfowéve béwer. |

,;VW¢‘ﬁeasure direCtipﬁal Qergnts in théZCOMfLEK déQice in argon,
kr&ptoﬁ; and'ﬁeon. For 1ighterfgé§¢33'énﬁffossibly‘evén neon;.b'v |
the g?qué&iﬁs is too smal1.£d? éimﬁlefprqbe theofy'tovbe &alid;
Density was vafied.ﬁetﬁéen'ni'= 116fx’%bll:and_9;4‘x 1012 ”
‘cm—', in ‘an axial’ﬁagneficvfield of B ; 2.34 to 4.68 kilogéués.

N

The electron temperétu:e was measured to be Te = 3.3 t654.6 ev,
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Fig. D.1. Directional Langmuir probe characteristics at R=5 cm. Axial characteristics are obtained when

the probe is facing the cathode, C, and the anode, A. Azimuthal characteristics are obtained facing

the ion~diamagnetic, ID’ and electron-diamagnetic, ED’ directions. Semi-log plots yield the same

“electron temperature, in agreement with the value obtained using a cylindrical probe.
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‘while the ion temperature was assumed to be T. & O}l The DLP radius
is RDLP‘: O'S] mm.,’ Recomblnlng these numbers, the DLP was tested

- over The following ranges: T. /T 2 0.1; (2 ),gyroradlus,

ai/RDLP‘—O.SZ to 2.78; and (3) Debye length RDLP/ Ape T 12.9 to
.31{3.v Brlef]y,bwe expect 81mple probe theory to be valid for
Ti/Te 2 0.1, a /R s 2, and R

DLP/ *be -S3O'v

Brown et. al. reported that the drift speed, measured by the
propagetioe'of.ioh—acouetic waves, is always slower than the sound
speed, and tends to.be in&the'teighborhoed of Qd/vs 2 0.5 in the
noble gases.'°, We_meesured“the_directioﬁal_ekial»ioﬁ eurreﬁts
in aféen; kr?ptbn; and eeon using the DLP, and employ Eq. (D.2)
toVihfefiaidrift'velocity."CeﬁperiSOﬁ of the two methods is shown
in fig,ﬁDQZ. Error bars for the bLé detefminetionvere statistical
over sevefal'measurements, whiie errors in the souna speed deter-
minatioﬁ represent uncertainties.in.the-measurement of;the propé—
gation eteeds. Good agreement isvobserved fertergen and krypton;
bﬁt net.seﬁgood.for neen. We suggeet that magnetic field effects
are mere_important in neon dee to its smaller mass, since for neon,
,ai/Rp = 0;82 to 1.4. we conclude that the ﬁiP cdfrectly'measu%es‘

"plasma drlftlng, us1ng Eq. (D.2), if»the conditiens ofvvelidity
for simple probe theory are satisfied | |

Fifth, we would like experlmental verificatioﬁvthat‘we:cen
.determihe 55 accurate value for thevradial electric field, tE et
The DLP 1s.used to measure the 321muthal drlft veloelty ueed in-Eq,

(D 4) ' An independent determination of E. by taking the gradient

of_theﬂplaema potential, ¢p = ¢ + 5 6 kTe/e, is presented in

v
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( DLP)

Varitt 7 V sound
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Varifr / Vsoung ( sound waves )

XBL 7 112-4903

Fig. D.2. Normalized streaming velocities in the "COMPLEX" device,
comparing measurements made using a DLP with an independent
determination based on the propagation of sound waves. @B s

argon; @ , krypton; and A, neon.
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fig. VI.A.foF combarison. Good agréement supportg the validity
of.both techniques.

Finélly,‘Hﬁdis and Lidsky considéred the effeCt‘of slot width,
W, (fig.‘III.S), on the normalized Isi profile. It was shéwp

-,

experiméntaily that'fof'w/éi 30;25, there is negligible effect on
the normalized Iéi profile. We do not verify this-directly; but
desigﬁ_therprobe with W/'a:.L :tl75 atlB'i 580~G in argon.

We bélieVe thé DLP‘tb'give valid and‘reliéble resu1£é, based
on the théofetical inequalities satisfied, and oﬁ>our six experi-
meﬁtal(vérificatidns.‘ _

The DLP was aligned as in fig. IIi.3, probe E, along a radius,
so that wé‘uou]d,only measuré étreaﬁing in thé‘akiél and azimithal
dtrectioﬁs; Typically AISi/Isi = 10 £o_5o %, and- coudd be eééily |
measured using a digitél voltmeter.

Enﬁanced:radiéi streaming velocities are estimated to.be an order
of maghitﬁde lower thén the measuréd azimuthal.rotation-velgcities,

and therefore could not be measured reliably in this experiment.
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E. List of symbols and abbreviations.

a, ‘gyroradius for species «

A atomic mass number

AI? AII anodes T and IT

AX area of surface x

Ar argon

AC alternating current, sinusoidal or rectangular
B, B - magnetic field stremgth in gauss

B* Bx A

c speed of light

-cA Alfven speed

DBohm- _ Bohm diffusion coefficient.
Dpp effective diffusion coefficient

Denh v enhanced diffusion'coefficient

QJB ' classical diffusion coefficient for species o due

to species B

nc . direct current

DLP ' directional Langmuir probe

DP : diffusion pump

DR duty ratio

e - electron charge, electron species

ev electron-volt, energy unit
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electric field

I II

frequency

linear feedback

positive or negative linear feedback

fihite gyroradius

‘finite gyroradius effects

gravity

helium
hollbw cathode,discharge

higher—frequenéy experimental wave

ion species, or V=T
electric current

arc discharge current

ion-diamagnetic direetion

Bessel function of imaginary argument

cﬁrrent'density_

Richardson number

wave number .

Boltzmann constant
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Ko ‘Besselvfunctien'of imaginary argﬁment
K-H Kelvin-Helmholtz instability
L system leﬁgth
Leff | effectiye system length as seen by the plasma
Ln . density scale length'
_LV ) velocity scale iength
LF . 10we¥-freQueﬁcy experimental wave
m azimuthal mode number, electron mess
m, R electron mass
Mi : : ion mass
n : plasma density, neutral species
Qa . v density for species ¢ |
n, . neutfa; gas Gensity
n; Anv first-order density perturbation
n - normalized firstjorder density perfurbation
{nv) o time-averaged convectien for species ¢«
— conv o ‘
vNF _v no linear feedback -
NS no stabilization, AC or DC
P o scalar plasﬁa pressure
pt | v neutral.pressure in the diffusion tapk
'%¥ | vm&ﬁrpmmmmefM‘quesd_.
P ' pdwer ' |
collisionless pressure tensor

| o
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rms

R-T

STP

voltage with respect to system ground, or'volume
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radial.densityfscale lehgth

charge for species Q.

radius

radio freQuency

' root-mean-square

tip radius of probe x

Rayleigh-Tayior instabllity

controlled electron sink term .

standard temperature and pressﬁre_

time -

temperature for species o

velocity

- drift velocity for species «

diamagnetic drift velocity for SPecies'a
thermal speed for species a

sound speed

‘'slot width of directiondl Langmuir probe
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‘ Q species type o = i, e, n (for ion, electron, and neutral)
o ' volume recombination coefficient
B ratio of plasma to magnetic pressure
BI ionization rate . -~
¥ - instability growth rate
B inverse density scale lehgth
A ‘ phase between density and radial velocity fluctuations
n . plasma resistivity
Ga v _ thermal energy for species ¢
A force due to the divergence of the collisionless
pressﬁre tensor : \
xeff effective mean—freg—path, kin (1 + Te/Ti)
e Debye length
xaB . mean-free-path for collisions between species « and B
A - Coriolis force term = 1 + 20 /9,
AD Debye shielding parameter
T mobility tensor. for species o due to neutral collisions
Y  collisionless viscosity
v collision frequency for species o with species B

B
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- phase between density and potential fluctuations

plas@avrotétion frequency
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méés denéity
charge density

first-order mass density fluctuatioh

_nOrmaliZed first-order mass density fluétuation

controlled electron sink collection frequency

n

crossvsecﬁion'for spécies.a collidihg with species B

wave period

collision time for sﬁecies a with'spécies B:

Langmuir probe floating potential'withvrespect to

éystem_grouhd

plasma potential with respect to ground

7 first¥order potential fluctuation

ndfmaliéed first-order potential fluctuation -

calculated phase, ¥

complex wave frequency
o+1v_ - ’ B V .
in . - : . :

plasma frequency for species a

(NS

| wave frequency, real part

gyrbfrequency'for species a

SZiXA
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