
4&,,al)r£ mm 
PPFIL-2S31I 
W£r42J 

PREPARED) ROH THE MLS. ETEPWRfHIWENflT OF ENERGY',, 
(UNOErac:aNmra«cnri3!E-/6€Q2:-7e-€HOi-aQra! • 

PPPL-283>1i 

MOMIC fiWSRCS EFFBCIS <DW. 
EMSS PAWE "HOROEfflL BfflFIT WNME SIWBIILMY 

MIA\.BEERMID)T.£ KMMi 

Fe&miiany/ 1iagE> 

!i!P|Plfl !?!H !!M»H |!f \»f 



RfonncE 

This report was prepared! 33 am account off works sponsored! by am agency off the lilnitfecl: 
States ©avemnierrtl Neitherr the lilrtitedi States ©jwernraEntt nrarr any agency thereof*; 
narr any off thefrr employees,, makes any warranty,, express air implied!, air assumes any 
legal! liatrility arr responsibility far tike accuracy,, completeness,, or usefulness aft any 
irrfanrnatiarr,, apparatus;, pnaductt,, ar process disclosed1,, air represents that! its use would) 
natf infringe privately owned) rights Reference herein) to any specific; carrrmerciall 
produce;, oraeessi, arr service by trade name,, Iradenianttf,, manufacturer,, air otherwise,, 
does nott necessarily constitute orr imply its endaRserrfentt, necainmendatiani, arrfauaiiingj 
by/ the lilhitedl States Sdwemmerrtt otr any agency' thereoft Tlrae views and! opinions of. 
authors expresseaj hereim a© not! necessarily state arr reflect; those aft the lllhitedl States 
Government! arr any agency thereofi 

IMBWmCE 

This report! has beera reproduced)directly franii the besii available copy. 

Availai^tetgiggiEandilllQEtMiiLiai^ui^triornitrTe; 

Office aft Scientific; anal Technicall IhtorrnaiicnT 

<Oaifcffloge>,TiI»l!3/?S35fl;, 
Prices aaailaaie fforni ($115)) 57BWm.. 

AwailarJtetffithepublicfrornithE 

IHatjGJialiTecnnicall Information) San/ice 
liliS. [Qeaanfrnenttaff Qarnrnence 

5285 Port Hdyail Rdadi 
Springfield!, Wrgjniai 22H©1! 

THSB48&-483S) 



B-BBE—28301 

DE&2. QI0007 

AfczpiOTTc; P6ps£cs F/ffiecdts; 

M As. Steer andlX Si BOaani' 
Pinnceton' Plasma PtiwHics rLabonatonv;,. Pmncetoni HTnxveiaity 

Ptdnceton;, New Jbnsev 085il3) 

AhHtnracfc 

Hbe' effeatsi o£ atomic phMSins> processes, audi as> ionization., charge; exnliangev. and- radiation oiii 

die linear stability- afi dissipatdve drift: waves- are? investigated! Lm toroidal geometry, bodii numeir-

ically and. analytically. Ebir typical! TETIBI and; IIH.AVH edge parameters, overall! linear stability 

is- determined! by. die1 competitioni betweem die dkstamlizingc influence cal ionization! andi die sta­

bilizing effect due to die elecrroni cenrperatnire1 gradient. &a\ anaLyticail expression, for die lineHi; 

marginal! stability condition!.. ifff", isi derived! Tllieinstability isi mostC likely coioncur an die extreme 

edge of rokamaks- widii a. significant ionization', source andlaisreepi electron density gradient. 
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I Introduction! 

Ttakanrak edge'plasmas-are'cHaracterizedl by large-density ami potential ftuctuaTions and! large-

particle' diftusiviny, whichi typically increases- towardl the edge- as a. Emotion1 off minor radius.L — 3 

Slbsu previous dinfc wave rurhulhnce models, nave: not Been, successful, in1 explaining; one radial! 

profile c£ the1 diffiisiviry audi the>large: fliicruataoni levels.4' Aiotlier widely studiediedgp turbulence 

candidate is resistivity, gradient drLveni turbulence*7, whichi evolves- from, the rippling. instability6 in 

the lineair regime Although this model' predicts larger fluctuation! levels and radially increasing: 

particle' diffusivitoes-. it suffers; front the explicit dependence on' ther edge current density, which 

has been, called! into' question by a. number: aC current: rampi experiments.' a However, the.- nadials 

gradient o£ the CQEQidai' electnc. field, whichi develops during, the ramp' could drive some residual 

instability. Qicluding realistic effects- suctii as; the1 impurity, dynamics?'™ audi radiation>111 rends to; 

make the- theoretical! predictions closer to experimental! observations-, 

Becentl'y, draft; wave pirbuienoe haa beeni reconsidered! including!: atomic physics effects- w.inh' 

ai hope- that the aforementioned; problems: couiUi be remedied!. SCosn a£ these efforts Have' been 

performed, in. ai simplified: geometry, with, a. f&cusi on1 the- nonlinear regime. i a ; i 3 

Eni this" paspeir. we consider the efthcts ofT atomic pliysics> oni the- linear stability of; dissipativc 

dnft waves in toroidal geometry. Et has been' sliowm that in toroidal' geometry, the coupling of. 

adjacent poloidal harmonics- renders- magnetic shear induced: damping ineffective.14 Therefore, the 

instability withitaroidaMmodestruntmi&MS-moreliMely. ta>b«sexcitedithaniane'wirhiEbarlsteiii--3Brik. 

made: structure! 

Tffie' principal! conclusions, off this pjrper include; 

i. For typical! TFTHL' and. UK&U edge, parameters, atomic physics effects are onJy important 

••) 



for long wavelengthi modes. La. order of, relative inrpantance: ionization u. destabilizing, 

charge-exchange is- stabilizing, audi radiaticmi effects- are smailen. 

ii. & ib shown' that non/oirnA'analysis- is- necessary toi properly determine stablility 

lii. Ear typical, parameters, the' toroidal mode structure1 4' is maintained! in' the presence of 

atomic physics-effects. life-dectaonidynamiiis> are nearly adiabatic (,B"olbzmann.-4Lke'):. rather 

than hydrodynanuc; over mast afi the. width) off the.' eigenmad'e, although the deviation' franr 

adiabamcity is crucial and! non-negligibie. 

iv. Various asymptotic regimes in, parameter space areidHitdied' and fluctuation c-haractenstics 

are discussed fbr each, regime. RJalations to,previous works-are elkicidated. 

HheQcgamzaiiioni off the; resrofi this, paper is, as follows; EaiSec. ED, we present the-basic mnri'nl' 

and obtain! the- dispersioni relation! in. die.' local; limit. The basic trends- atomics physics effects 

have on; stability are- lndicatedl by local1 analysis-. We; turni toi the nonlbcaL analysis in' Sec HE 

where1 we derive- the ejgenmode' equanoni using t i e ballooning transformation!, and' solve it both' 

numencally and analytically Conclusions andl discussion, off these results- are' presented in Sec. 

EV" 

M T h e o r e t i c a l Mo«£eE aascfi Ejoeal Ana%s-fe 

TDiebasiamodeMfer, dissipanveat^waweacaiLbedJenveifiominheBiiaginskji fLuid equations.^ 

la- properly include1 atomic physios effects-, we take moments ai the Bbltzmann equation: 

3 
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obtaining;, for che zerotk first, and. second! velocity moments-: 

^ ""* = £>!' ( n 

i77i— = - v>-t-17,71? KEH l~nijl av—(:v. - m). ('i). 

Atomic physics- processes, and collisions enter these'moment equations through, the velocity space 

integrals of 

Therefore, the usual cold ion1 Bragmskii equations are modified in the following way 

— - r V (n ,v B ) = Si„ (4) 

m;_rat—— = —Vp;. — en^lRH ), +-R«, -r-TO.S-,.(, v ... _ v.). (.3)), 
at c 

^"^7 = -F^ ^-^•qh + @„.-P^-Te£cr^&.(.vrv-vr,)-. (.(5,) 

(iv, vr, x B! _ _ 
m,u,——• = cnrfEH > — Hi,. -)-r7n,£>j/v v - wII).-f-77Zi.frJ v v — w.). I S>) at c 

The atomic physics effects- are- contained: im 

S e = 5, = ri,n.'v (OT) 1 Q I I 

for ionizations charge' exchange; and. radiation^ respectively- Physically ionization is> a scurce 

in. the. electrani audi ioni continuity, equations-, charge.1 exchange1 causes- drag am che ion. paralleL 

velocity., and radiatiom cools- the electrons. Note1 that while ionizs.non does ncc affect the fluid 



momentum (nv) orsnergy [TUF). it appears as a.drag in rhe velocity equation, and also enters 

the temperature- equation. 

Fan elecsraHTatic perturbations- with' w C Si',, the penpendicuiax dynamics are governed hi-

fi 

Here- w« have used m, 3> m e and' assumed T, •< I*, for simplicity 

Co. a. taroidai system1, the' divergence' aS the E x B drift in the ion. connnuiry. equation: does 

nor vanish. and1 leads to. coupling. between different polbidal haxroomcs. Ecus a. large aspect; raxiO' 

rarus wich' concentric circular flux, surfaces, WJ? have Vj_ V£xg ~ —iiu.'-u. (COB #• — £-sin S^i) ^ - . 

where-oifc = i s ^ . 

We-linearize Ens. '-tH*)'wish. n^. = no-1-11*1,. a, = no,-!-1,11, pj. = po -i-p=i- X*. = I'D 4- r e u. 

u | | = u||ii- assuming: nlere is> nai meam fibw ('U||U = QJ)1. The' neuxrali velocity is- assumed to. be-

sramonary cuuiipaxed' to- the pernurbedi 10m and' electron velocities^ We also assume that eke 

wavelengths- of the fluctuations- are much' shorter than t h e equilibrium! gradient scale lengths 

(£„. £ r . ) but com parable-to, tile1 ion gyroradius at the electron temperaturfc. p? = ff- Dunning 

the following dimensionless field quantities. 

ff = — f - — ij - ^ - v = — f = — I ' - — 
mi, no 1 ' c,. c, * 2T0 3i) 

and cite' following" atomic process nates-. 



7v — — = i/v (<ni) 

wt have-. 

.*£ uJ. J J - i 

Ql5L//.,(u, - 5 . ) = i - f i ^ S i . - 4 + - LTIF), -F-j^,5"e-h iwu- (10.) 

j _ - 2'fa|C, 2: ^faS - 2! fclic. 
_• 3> -J 31 ^!i/ii 3. ~ 

—L—n_ — 1 i — K— ; —a, , -j r -> F (11) 
ui _i 3 i v u ^ — / 

. JTI _ , J t F̂ , , , . 
-4-1 71'. -4- v J! ( l i ) 

£||C„ /_ , - \ 7 , , . :3<n_ 
u, = —!— [ ?v- -1- r l ! — 1—u; - 1 u; i L3.) 

where che numerical, factors come'from; che R'nagmslttii rnnffiriPTi-ns (ir7|| = Q.ol̂ jjjjfr"- «i| = 1- I t i m ^ ) . 

a = L71) and: r\e = j 3 - , «J_ = k"^' ^ * note- chat density and Oenrperanurf. ttucruaciotis afreet 

the ionization source (J.,, Jx), and. che radiated' aower (-rn. JT)-

Before presenting, the soLutaoa of the eigenmode equation (in. Sec. EU). winch is accessary 

toi accurately, dbteininne the.' stability. o£ nhis- sysiemi. wer begim bw examining the' local di&penuoiL 

relation' Ebir t h e purposes of this discussion, we- creak che ^a=- Cernu as- a constant, evaluated ax 

9' — 0 I bad. curvarure- sidfr); ana creat —i~r — kf air a. constant. £7 In this local limit. 



TTsmg quasineutrality and Eqs. (9')-{'l!l) and (11), we-can obtain the local dispersion relation. 

Two dhnensioaless parameters play crucial roles ia characterizing the properties of the fLuc-

cuatttons: [l and -L-l Tlia first, N comes fcomi the /Eii|Vj|!2re term, in V qv,, and measures 

"Shi-

electron, thermal conductioni along B . Thus the parameter ~L— cam-paxes the. parallel electron! 

thermal! conduction 1 rate toi d ie mode' frequency. The second!, - L i is the patio of the sound wave 

propagation' r a t e along B to> the mode frequency When. J^" r ^ I , electron! thermal' cond-Tiction! 

is strong enough, to smooch, temperature fluctuations along B , so Te — Oi This is- known as the 

adiabamc lirair. and electrons fraue- a Bhltzmann.-like' distribution- When - ^ - >• k sound' wawes-

smooth, pressure perturbations- along B , so> p± — Qi This- will! be called the pressure balance limit 

in. this paper 

As wdl be shown in. Sec. HI using the nonlocal mode structure, the adiabatic regime- is 

relevant for typical! tokamak. edge parameters. We discuss, several) o ther limns to. relate this- work, 

co previous studies. 
i1). Em the adiabatic regime. "!P« 

K. ~ # , f ~ Qi 5,- ~ !!£i—_.!, ( L5.) 

Quasi-neucralirv gwes- the' fallbwmg dispersion. relation1 to t he leading order in ""^ 

j J ( l ^ f t . ) - j ( - ' . - 2 i J v + L i ^ - i ( L + 6 - ) ( 7 „ 4 - ^ ) 0 ' - % J ; - i < ' 7 u - l - ^ ) ( ^ - 2 ! _ i . - i - i . J , ) = Q ! . 

where bi = t [ / J j . TChea fc||<V,. 7u. Jn, <- "-1, the electron1 root further reduces to: 

th Che local approximation1, t h e diestabdizmg effect of iomzafflicm: (J n) comes from1 the inverse 

disEipationi in the ion cnntiauity equation. T h e stabilizing influence' due to clie ionization 



and charge-exchange' drag cm; the. parallel! ion. velocity is smaller roughly by a factor o£ -C 1 -

When spatially dependent fc|| is actually taken: urto account, a nonlocal analysis in. Sec. EEC 

shows t h a t the overall! effect of ionization is destabilizing, Thecefnra, che ionization term 

in t h e 10m velocity eqria.tinn', which; is- afteni neglected! Ln< t h e previous studies, seems to. he 

important only when -V" ~ - 1 . W e also) note that the. real! frequency is shifted below _•_ by 

^.4. and! ftnite la.rmor radius, effects. Because Tf is- small! fan this, regime, radiation effects axe 

suli dominant. 

Callisional! effects appear as. a first order ( ~ iT'J )i correcrion toi _'Q m Eq. (• L6J): 

-!• = - 0 + "~ 
Q i a i l a~u-

GH-ftp*jfi& 
l ! T 7 ( . L - — ) _ , , , f US) 

CollisiouaL effects are destabilizing; wnem the- dawn-shift: a£ _i overcomes, the stabilizing, effects 

of %,. i'.e*._ 77̂  <L L7rr((]i — j jyi When the spatial! dependence of ku is treated aonlocalLy in 

nhe. nextr section!, this, waling, wLthi w„ changes- to) u£, increasing, che relative importance at 

collisional! effects. Hiadiairion effects; also enEer s t this- oncjeir rm ijjfe . but anAv shift the real 

frequency:, and! db not aflect stability directLy 

iL). thi t he hydradynaroic. regime;. J^' , -^~ <T %'• 

Jit, ~ — # , Je ~ r ) e —*' . 

Here the dynamics along; H is insignucani, and! t he electron density and temperature are 

mainly E x B connected. None t h a t if 77;. >• 1!. we recover t h e limit considered by Ware. 

et ail12' where1 ui ~ TJU» = LVZ? and! 2T ~- $' > m^ Bni this limit, radiation effects- could be 

significant. 

i 



ui). La the pressure balance regime, -jjy >• 1, -^7— 

ii,. ~ —r ^ 
^ a - l b ) , + » i . a 2 ' ^ 

f - i - r 5 i . 5 . 1 - ^ 
<6 

Tins limit is similar ta> the. ana investigated! by Brake, er ail1^' far the case J zn QL Ito. contrast 

Co the near adiabatic regime^ the' pressure balance regime1 permits large electron tempecatuie 

fLuctuatinns. ami consequently, radiationi could become am important destabilizing effect. 

HE Namlocal Analysis 

Wed.en.ve t he linear eigenmode equation, iising the ballooning. formalism!.1'' ~19 Tins procedure 

reduces the two dimensional problem; m (r. H)' tai a one dimensional eigenmode eqiiation in. t he 

ballooning coordinate (rj;H which, can be regarded! i s the coocrli-nate' along trhe field' lines. T h e 

amplifying; assnnapcina is chat for large made numbers, mi, different paloidal liamionics liawe 

nearly identical! structures centered: at each, rational surface-

TjJsuig; quasineutrality, Eqs. (1!2)' and (I3>)' become: 

Here we' have broken the perturbed electron density into its adiabatic and non-adiabatic parts: 

a, = l ' — iHi_- The nght-haad side.' aft ELq> (19!)i contains the non-adiabatic electron response and 

the atomic physics effects. Because t h e electrons are nearly adiahaiijui and! atomic physics effects 

axe small for typical! T E S T and! TTTTC parameter? considered herffi. we treat the nghir hand ^de 

of Eqi (' 119')' pertusnbatiwely 

9' 
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We- use the usual (r, ff-'r£) coordinates, corresponding to the manor radial, poloidal. and toroidal 

'iuectinms. IJL a large aspect-taxio .ixasymTnpmnc torus,, the perturbed pccenCiai can. be ercpnessed 

as-: 

r 

where | j \ <C m i T * = ^ . r a, is t he ceferen.ce rational surface ma, = TIIJ( rQ,) r A r , = -^j. kg =^-~ 

and i =• — at r = TTO. fqnnrmg: fcr the moment nht nghn-lLandj side-, Eq. (I9')i is-: 

- W ^ - i ) = 0 (-21), 

where we have used fey = Mar- Sff" = kfPr' — — ~ - ^ = ~ - r *=n. = %•- Csing the balloon nig 

made' fbmnalismv fan |T7IQ|, ~- \n[ 2* 1. "fr^ia)' = "fit-), andi <B'1=1:(ji) = | B ( c ^ I ) , with, r = * — j Ln 

this a.pprnviTnairinni. the-eieenniades" are compose! ofFidentacali structures centered at each, ratioaal 

surface. The: eigPTi'modie- eqiuatioiL is: 

i'-s-^-4*^-" ••-->+t < § < • : - L ) . - i - * ( i r - r ) . - a — [!*(.= +- l ) . - « i - - l!)] l = 0 i 

w i 

We- new Faimer transform this equation: 

*(;/)= p d^e'^m-)- .21) 

The eisenraode equation is aow a one-dimensional differential equation in. the baJle a n a coocdi-

db]r 
Vim) =Q\ 

where 

Q t ^ a ^ ^ r a ^ L l - — ~bg('h -r*V) |-r^ :( l<:QSi7/-(-*i7 sin.7) 

(2-fti) 

U4b) 

Wi 
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TUie. *=- rerm. is the. ioni sound! wave contibution. In the expression for (J,. L is the Boltzmanu 

electron1 response. —q- is- tha E~. x BJ convection' of the' ion density, shj~ is the ion polarization 

drift. and. ^ f ( 035-774-3-77 sin?/) is the toroidal coupling, term. Werepear this procedure including, 

the right-hand'side of Eq. (19), andobrain: 

id* 
"S(r?J = 0 ; (25a) 

' ' lS<7)'./i-x> 
'„Sr ft1 

(25b) 

where *( - ) • = 2=iT*, ^ " ' " ^ ( . i / O -

We'solvenhis-equationiasfollows. Eirst, we.'flnd-the'lowesrordereigpnfiincnon using adiabaciG 

electrons-(<5(j) = 0 ) . Then usmgtliis lowest'order-eieenfunctiom we>evaluate <5^(77)'in Eqi (25b). 

We-find that 6(3(771 is consranr aver theeigenmode'<B(T7)I ro>a very good approximation. For 

small and, cnnstanr SQ_. the effect on'stability is-simply. Imfui/u. .) '^ —Tm{fiQ)/ii~Q':~ Xs far as-

linear anaylsis is concerned. TJETIU audi HEX-I parameters-justify the pertunbative treatment. 

^mce - <C J as will be shown. Equation I 2.'̂ ) is the eigenmode equation of ILaf. I_t. and 's 

obtained from our:equations neglecr.nerthe uon-adiabatic electron response and atomic physics. 

We- salve- Etj: ('2.4')' numerically, using ani interactive' WRBi shooting code: 2 0 ' We are interested, 

in the most unsrable-modes-for this-system, whichi are the' neutrally stable toroidicity induced 

eigenmades. Eieures- L and! i show numencal. solutions toj this, equation for typical rokamak 

parameters, for an extir-mely long wavelength, eigenmode; /.•*/Ji.=^0!Q2.'(Eigi LI. and tor a shoner 

wavelength eigenmode. k*p, — 0;1J ('Eig 2_). TJhe effective'potential. —Q{ qi. is snowii 111 . a ' The 

11 



toroidal] coupling tenns ; create tKa> local! potential! well! which, mates tlie. magnetic shear induced 

damping ineffictive: thus making theses ma des= neutrally, stable. TKe'eieenmode structure'in riie 

ballooning: coordinate, <I(.77)i is"shown in (b). The eigenmode'structure in< the' radial' coordinate. 

<E(r). abrained by Banner tranfbnmng:<E('7). is-shown, m (c). The eigenfrequencies for these nva 

cases-are & = 0182for fcap, =0102and: fl> = 0:48 fbr/t«p,. = QilL 

To proceed; we solve- Eqs. (9)-{lJ_) and ( L3i) for n r , 5fi^ and T in lerms of <8; and ob-

ae -T-bfi - - bcb-{-ce -
n* = — ±£- ? = -:•—^ > , 2 f i ) 

act—cfj ad' — af 

where: 

a\<e —ail -h('bi-~a)f-
aai—af 

2: (L7TU)21 x2- 2! xr ~,T 2! .3- 2-Jr 

'3,Q!51i7H' ' a 
^ • L i l x 3 - , 2 ! ^ 7 n , 2!3 n 

1 7 2. J 

, _ *~ ^ _ j _ . _ A_ 

i 2 - L 
OiSLSSi 22 

L77L! r 2- r 2- j^j 
— - i 'ai5Lia!~S(,fZ)-(_ I ;I^-t-j^.)," r ' !"~ 

We have normalized c: = XTJS. and. iT = ^'[j[ r These terms in 6Q are ratios of fourth oider 

polynomials in. — audi do) not" Eaurieir transform nicely info, ballooning: space as ilie r 1 and ~z 

rerms-do.in. the unpprtrtrbed. eigenmode'e^uationL so> we evaluate them in configuration apace. 
and. then, transform1 to.ballooning: space. 



Typical! edge.' parameters- for TETTRi andi T E S T are- shown: im Table- L 7„ is calculated tiding, 

experimentally measured1 ffi^d.- To) estimate 1 7 T , we1 use- coronal; equilibrium! cooling: r a t e s , 1 1 nor­

malized to> matchi i?Aid- Since' the actual R-liT!^)' will be.1 smoother dian the caranai' model;, rins 

is an upper boundi on ~T &M- atomic physics rates are much smaller diani ^ for m values of 

interest. Using; the; lowest order eigunfuncnons. we-can now evaluate -—^ and - ^ r , and identify 

t h e parameter regime' for these.' fluctuations. Ebrthe toroidicity induced modes, k^ ~ T^'i)-. where 

A ^ ^ . a n d . ^ . - a f . s o 

[h the TFTIL and! TEXT edge, this quantity vanes from L0~ 3 for short wavelengths (k^p, = LI 

to, U for longer wavelengths ('ftjpi^QlQEr). Therefbre^wej have.- - ^ ~ - l ! for parameters-ofinterest. 

and' pressure' balance1 is- not likely. to>be1 achievedi eveni for rather low. /.*aps, (.m — 50). 

More importantly, since-

ffi& = iiftjSSu^ ( 

and typically V << L even, for r a the r low k$p„ we-have J t l ' °" 3> 1 ~ - ^ Tn summan' . these 

fluctuations are. typically in the 1 adiabatdc regime; 

Because of the spatial dependence' of fcij, rhe electrons are'hydrodynamic only wirinn'a. narrow 

region near the- rational surface, and adiahatic outside this region, as shown in Fig. 3. For 

illustration. Eig -kshowsthe.'Gase'u?^. h. where'the jelectraiis J a r c hv.drody.namic near, the-rational, 

surface', andi pressure' balance1 is- enforced] o'ltside this region. The 1 ty.pinaL parameter regimes for 

toroidal drift waves- in TETBi and, 1'liAT are shown, in Fig; 5". 

We'cannow evaluate' the'integrallfomS^ using; Che.' lowest order eigenfunctions <S(r). as shown 

in Figs. Lie) and "21 c). for example; Since i7 <C 1!. the- electrons are non-adiabatic only within a 

narrow region, near die rational 1 surface, and die integrand for rlie perturbed porrannl rt(J> looks 

U 



like, a: dfcltai fiinctiom ini — Whem transformed! into* ballooning space; tf<8.('7') is roughly constant 

over the 1 widthi off t h e eigemnad'e,. as snowm for these; two cases- in1 Eigff. 6i and177. 

IS the- atomic physics rates- a m ty-dependentr due to> specific, experimental, situations such as. 

the limiter confipirationiandi gas-pufff location1, the'imaginary ('dissiputive)! par t of, 5Q would: be 

7-depend'ent and' could1 induce1 toroiriall c o n n l i n g 2 2 Eor Che? paraineters- considered! in> this- paper; 

the- toroidali coupling in' t h e real! ((reactive)1 pane o£ Q) Gausedi by ion, drifts- is ai larger effect since 

•Jo* > 7-

Iir t h e limit Tr < L we cam evaluate 6Q) anaLy.ticalLy without knowing; t he detailed! eigenmode 

structure, keeping terms- up; to.' 0,(i775:). Hhe lowest: order piece cdf tl ie tfnj, term, in Eq. i'25b>) 

contnbures-

('30)) 

- H ^ / i O c ^ l I 4-u)il ^0123iiS!-i-m33T(ll-Q>)'4-0LI9>;B,) 
4- ^(in.ll312!-i-014g((li-Sl),-011fii%J, 
+- %0135'ia)-H0!a2('li-Q>)l-f-Q13T7(?) ] 

Far the 1 second, tenni in'Eqi (251^)1 n~ = #ta> lowest order: TlUeiin term isitnviaL ta<evalnate, but 

for t h e 7„ term 1 we approximate J^^^Ste))dhzrz:-?z:. TIKe dominant: contnhutioni is. 

SQ^-^fSL^ + i^^ + ^y. (31) 

The lowest ordeir contribution from' the 27 term: is proportional tco -£-

ff^ = i ^ S ^ p ( i U - l - a)—<.<I135>S>+ 0U6('I - <$>)<- 0iMrje) (32i) 

Combining these terms-, t h e growthj r a t e is: 

7 a,. 22 ,7», , #,. , v^F 7P . 

- ^ f t f c ^ F l ^(0!24iQ!- i -0i33 |L-a!) 4-0.L9'7 e) 

(33,1 
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+—(Ll'3ia ,-H0!49(.];-Q!) - 0.1fi,r;e) 

&T 
4-^i0169)a'4-aiii^iT-&9>T-0i7r4! ;&.)>]'. 

Tiff basic trefldsafTthe'lbcailanarysiB:-remain", with some1 important modifications; The dusta-

hilizajaoni feomi chej ionizationi termi ini th&> ioiu continuity, eqiiataoni is, radiiced; by charge-exchange-

and ! ionization) d r a g oni the' ion> velocity, bull the 1 stabilizing: termi is smaller by. a. factor of. * "b.^,. 

whichi denentfe am t h e wavelengChi( |7i,~-A,a/3x). .41s A1^,, gets-smaller, CliastahilizingtennibeGomei-

competitiv«i Ihiche.'6haEdltei3n^dnscalUsianalieffECTssoalfeUUe,'i7« insteadiafTiT'pradiGTCd.fi'QmiloGal' 

Dhecmy, Therefore; Guis- tennr is not negJigJlrle- compared) m> ̂ - independent terms- The- radianoni 

effects ar& very. weak, since V: " h , and ~;x a re alii small:. 

Figures;S^'aiJ^lg;))GDmsareElie*numencall audi niRly.ticallgrowth) ratesas,V\ 77;.,./?;,„.%. 7-j, 7m-

aiuli 7 r axe variedi. using the: parameter* ini Ei g. '_ 

Typically,.the gjow.thi rare? is, determinedl by the'compeiriDiaiii between) ionization) andicnllisions. 

t h e la t ter is- stabilizing? for large- ; j e , and' overall stability. is, achieved! when: 

i t > run,. = 213q L - S ! ) . 4 - - ^ ; (.341) 
,/— U.(iJ7H>)B:lJi. 

E017 rhe cases consideredi mi Uahle; E collisicmali stabilization is. stranger than' the destahilizatiom 

from ionization, renderingjthese'modes-stable. However. arthe-exEremeedge'of tokamaks. steeper 

density, gradients" andl lugireir ionization) nates mav. make these 1 modes, unstp.blei 

I W (nim-rwTtiTfviinCTTs; anrtfl E J i s o a s s i Q a m 

This pape r has- focused! oni che'effects ofi various- atomic physics, processes ani dissipanv* drift 

wave stability, im toroidal! geometry. The principal, conclusions- of" this- paper are' as- follows. 

LJ 



i). Ear typical parameters- off t i t TFTTHl anal I K S ! edge; the 1 electron dynamics are nearly 

adiabatic. 

lii). T h e deviation] from! the 1 adiabatjir tesponse? wliicki IE required! for instability comes from 

ionization, collisions, charge1 exchange, and radiation; roughly, ini order ofi importance; 

iiii). ffoir an> instability, the inverse' dissipation! frami lonizationi or from the- downshift aff the real 

frequency below. ai_*. should! overcome' the.' stabilizing: effects- due- to. Che electron temperature 

gradient quantified, by ryE. Therefore-, fbr lbngi wavelength modes-, an instability is b'kely 

to. occuir a t the- extreme edge1 IIT minor radius with, significant ionization source' and: rather 

steepj electron density gradient (low rfy). 

iv). Ibmzationiacts,as,an'inverse-dissipation!imthe 1 density, cnntimiity.'equation', bur alsojappears. 

a?- am effective- drag ini the' ion' ueibcita//equatinm This- effect,, aithoughi ignored1 im previous 1 

studies-. 1 3 ' can quantiraELvely affect stability.' iff - ^ r "*• B-

v). The magnitudes- of two>dimensionle55= parameters:.. J^"" and: -&£• determine the- asymptotic 

regimes- in' paiamerer space and: the' characteristics- off the' fluctuations-. R'elevancei of the 

previous-studies- 1 1 1 '- 1^ 1 8 on radiation-driveni edge' turbulence models are'discussed, for certain 1 

regimes. 

The- detailed, linear analyses- and: results presented: in, this, pape r indicate- that tlie edge- drift 

instability. has= a. growth rate? w.tiichi is-smaHeir tirani t he ceaU frequency form > 101 Hfaweveit we 

wauui like' tcu point ouir that this-- does no t necessarily, imply smalL fluctuation levels at saturation. 

Since the; longer wa-velengrlu fluctuations, (iwirfii /J.\JJI, 4£ ll)i are? more' likcLy toi he destabilized; 

by. the' ionization', the weak turbulence 1 analysis based! upoui nonlinear wave-particle interactions 

Lfi 



(including: ion. Campion scattering) is-not likely, to be'justified]. Ih' the strong turbulence regime, 

the- ffiasegawar-SEmainonlineiudtw23' is, also)negliginlk' because i t relies, onitlie' nonlinear polanzatiom 

diriEb. Therefore; the' nonlinear saturationi could! occur throughi a nonlinear process which' is 

insensitive- to> che.' strength, on Unite. Eannoir radius effects-. Q u e possibility, would! b e the' dissipatiwc 

correcranni t u S x B convection: 2 4 . Since' this nnnlineanty. i& also; waak, it is- possible' to> have- a. 

large- fflwrunlion, level! a t saturat ion: i a ' 
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liable E Typical! Edge Parameters 
n=0L95 a. 

I TFTTffi TEXT 
] rv^ ( l anf^ ' ) ) 1 8.x i!BF ^x-EOF- ' 
1 1 * («V). 1150) 40) . 

mv (icmT3). ! 3ix m?' aix no," 1 i 
P^ (W/cm. 3). QIQQ; QU 

, £„ (icini) 1 EQI 4 
-ZLrp (iCHL) 5i 2! ! 

i% 2! 11 
1 a; ((cm-)' ao> 23T ; 
fib, (.am)' 2*5, i 100) I 

! f lb (T) 4L5, ! 2 ' 
,<C 4 4 
' * 2! 2» 
<?„ 0 * .JS 
£, (cmi/sj) a-.5.x roP 4 . 4 x HOP" 

"« (s" L ) ' L.ax io?' 1.4 x LOP' 
Pi M 3'.9'x HOP2- 4.6. x l iQr 1 

1 u^, (is.-U)P Sic %/?v. = Oi L S-.5x UQ)* , lLJlx 110?' 
' (m, = l!95i)i ((mi = afi>), 

. ^ (is -")) for /LVi = 0102.' LTTx m? 212'x HQ!*' 
(irre = 39))i , ((mz= 1101), 

3fc. ('a--*-)- ! 100) ! 800) 
% K " U ) ' -110) 300) 

7„ (*~L)' 200) 11QD0J 
7„ ( s - L ) 100) i 11300) 
^ T ( s - 1 ) -200) 11400/ 
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Ffgnre Captions 

Fig. 1L >Tinnericah sahxfiioni af Eq. (I'2HA.)> fcur esiremeLy long- wavelengnhi iikgp', — 0.02:1. withi q, = -i. 

e„_ = Oil. andi 3 = 2 . (a.)i Effective- potential! —(8(177/) mi ballooning coordinate. (ibi)i Eowesc 

order eigenmodE m ballooning, coordinate,. <6('r/))i ('C) ILow^si; order eigenmode m' radial 

coordinate, i^-). 

Fig. "i N îunemjcai! solution af Eq,. pita.)' fDn £ 3 ^ = Qii, willi, </; = 4L e„ = Q. L. and i = 2l (a.) Effec­

tive.' patenJial! —<Q\ 71) im bdHhomng; coordinate: (bi)> Eowest order eigemnodie- IIT ballbaning 

coordinate: <i!('7j'U (c) Lowest aider eigenmode-in: radial1 coordinate. <&(<:). 

Fig. 31 Spatial dependence1 ofi rv (.solid!)' and X ('dashed!) fbr]7' <C Ii. 

Fig: 41 SpaJrial! dEpendfencecnTS (isolidi)'audi X ftdksned!) feir i? > £-

Eig. 5i Typical! parameter regimes-fcn toroidal! drift wauea ini TETTBi and: T E X I (electron, response). 

Fig. 6. Perturbed! potential! fbir eigennuodie in> Fig. I 

Fig. T Piirtmrbed! potential far eigenmode- in Eig. £ 

Fig. 1 ComTJarasait affanaiyticaily (das/jedi)' and. itmnfidcaily dsolidi) computed, growth race'r as (a./ 

j7. (bo 7*. (c)'Jn.. ('i) J r . ( i e)'7u- (f)'7«- aJwi('g)l";T a r e vamedl using the parameters- m, Eig. 1; 
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