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Drift ballooning instabilities in tokamak edge plasmas
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The linear stability of high-toroidal-number drift-ballooning modes in tokamaks is investigated with

a model that includes resistive and viscous dissipation, and assumes the mode frequency to be
comparable to both the sound and diamagnetic frequencies. The coupled effect of ion drift waves
and electron drift-acoustic waves is shown to be important, resulting in destabilization over an
intermediate range of toroidal mode numbers. The plasma parameters where the assumed orderings
hold would be applicable to the edge conditions in present day tokamaks, so these instabilities might
be related to the observed quasicoherent edge-localized fluctuatio200®American Institute of
Physics. [DOI: 10.1063/1.1612499

I. INTRODUCTION ideal physical effects. We derive a simple eigenmode equa-

b iohof a localized i bilitw(th tion for drift ballooning modes by considering an optimal

smoherem modein the edge pedestal of some H—mod(_a dIS'wherew is the mode frequencw=cs/Rqis the frequency
charges in the Alcator C-Mod tokamak appear to be inconz - <ound propagation over a connection length V\dﬁﬁ
sistent with linear stability predictions for ideal ballooning _ T.4+T)/m, q is the safety factor, an® is the ,major
modes, because the local pressure gradient in the pedes%rfoi'dal ?adil;é ° -=(k><B)-Vp-/(ne,Bz) is the diamag-
may be insufficient to drive the ideal-magne'[ohydrodynamicnetiC frequenc;/ f*o]r specief; :]O 302 is the classical
(MHD) instability. Resistive drift ballooning modes might, ervendicular viscosit Witrp-i[T-.m-lllf)elzsz)]”z the ion
however, explain the observations. Several recent studieg P y : e

both lineaf~* and nonlineaf; ® have been devoted to this armor radius, andy, and, are the longitudinal and trans-
topic. In much of this work, a complex set of two-fluid

verse Spitzer resistivities. The-a equilibrium model with
Braginskii’ equations is solved numerically, sometimes in a

s=rq’/q and a=—2Rp'q%/B2~0(1) is employed and a
complicated equilibrium containing or simulating the prox- WO length scale averaging formalism is developed, using
imity of a magnetic separatrix and scrape-off layer. Instabil-2/@A<1 as the expansion _parazmetezr, wherg is the Al-
ity is generally found, but there has been little discussion of V€N frequencyw,=ca/Rqwith cy=B%(nm). The result-

a stability threshold. However, the experimental observationi'd €igenvalue equation contains the following physical ef-
on Alcator indicate that there is a stability threshold which€Cts: (1) ideal-MHD instability drive(through the boundary
separates “edge-localized-modELM) free” H-mode be- conc_htlon); (2) resistive diffusion Ieadlng_to re3|st|ve_bal-
havior, in which the edge plasma is fluctuation free, from!00ning modes{(3) sound wave propagatiori#) two-fluid
“enhancedD,” (EDA) behavior, in which the quasicoherent diamagnetic effects which modify sound waves into electron
mode is present in the edge pedestal. In addition, at highé}rift—acoustic modes and introduce ion finite-Larmor-radius
levels of auxilliary heating power, the quasicoherent mode i$FLR) effects;(5) perpendicular ion viscosity. The two dif-
replaced by a broad spectrum of grassy ELfMisis possible ferent classes of resistive ballooning modes, namely those
that these observations may be explained by a linear stabilitgriven locally in radius by the geodesic curvatufhe
threshold, with initially a single modéone toroidal mode ~Carreras—Diamond modés and those driven by the ideal-
numbern,) becoming unstable, followed by an increasing MHD energy[characterized by the stability indelg (Refs.
spectrum of unstable, values. Although ideal-MHD bal- 11-13] are both described by the eigenmode equation.
looning modes might be near their stability threshold, elec- In Sec. Il the linear theory of dissipative drift ballooning
tron, and ion diamagnetic corrections are likely to be impor-modes is developed from a set of linearized two-fluid
tant, as are interactions with acoustic waves. Dissipativequations:*°> These fluid equations are appropriate for the
effects(especially resistive effedtare also likely to be im-  short mean-free path conditions of the edge plasma in Alca-
portant. tor C-Mod. They describe isothermal ions and electrons in a
In this paper we investigate the linear stability of drift strong magnetic field toroidal equilibrium without tempera-
ballooning modes using a simple model for the plasma equiture gradients. This linearized system contains four first or-
librium (the s—a modef), but including a variety of non- der ballooning equations: continuity, parallel momentum,
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Ohm’s law, and vorticity. Eliminating the parallel ion flow, ion continuity equation, Eq(2) is the parallel momentum

Ti, and the parallel component of the perturbed magnetiequation, Eq(3) is the generalized Ohm’s law, and Ed) is

vector potentialﬁu, generates a pair of coupled second or-the vorticity equation. These equations are to be considered

der ordinary differential equation®©DE), describing shear- Valid in leading order of the short-perpendicular-wavelength

Alfvén and sound waves. This system is then specialized tballooning expansionk, /k, ~r/(n,g’R)<1, for the bal-

the s—a equilibrium model. In Sec. Il a perturbative solu- looning representation variables. Therefokg=—iV] is a

tion of the fourth order ballooning system is developed bydifferential operator buk, is just a function of the spatial

means of a two-scale analysis. This yields a second ordermriables. Eliminatingy, and ¢ from these equations, we

resistive layer equation on the long scale of the ballooningarrive at a pair of second order ODE ballooning equations for

variable s>1. The relevant dispersion relations are ob-the new dependent variables

tained by matching the resistive layer solution to the solution —_—

in the ideal-MHD regionsé~1. In Sec. IV the stability of U=¢—n, ®)

FLR-modified ideal-MHD modes is discussed. This differsand

from previous analysé%*’by including the coupling to elec-

tron drift-acoustic modes. The main consequence is that the /- _© h—, (6)

FLR stabilization of ideal ballooning modes is completely Wye

suppressed at intermediate values of toroidal mode numbgfescribing the coupling of shear-Affuewaves and drift-

n,. In Sec. V the stability of drift resistive ballooning modes 5coustic waves.

is discussed and in Sec. VI the effects of perpendicular ion  Next we specialize the ballooning equations to shex,

viscosity are outlined. Finally, a summary and overview Of|arge-aspect-ratio, circular tokamak equilibrium motién

drift ballooning stability is presented in Sec. VII. this equilibrium, the parallel gradient operator becomes
icskj=wsd/da, whereé is the ballooning extended poloidal

Il. TWO-FLUID EQUATIONS FOR DISSIPATIVE DRIFT variable, —o<§<co. The perpendicular wave number is
BALLOONING MODES k. =(ng,a/r)k, (0), with kf(0)=l+(80—asin 6)2. The ra-
tio between the curvature and diamagnetic frequencies is
In this section, starting from a set of linearized two-fluid oo, =[20202(03)]a(6)  with  g(6)=cose+(so
equations for isothermal ions and electrons and using the 4 sing)sing, and the ion Larmor radius is related to the
s—a equilibrium model to describe the edge pedestal regioRjiamagnetic frequency and MHD variables through
of a tokamak, we derive the appropriate eigenmode equa- 8lwsw, 1/(w3n,@) ]2 We also define the resistive and

tions for drift ballooning modes whose frequencies andiscous frequencies, = 7,(n,q/r)? and w ,= u(n,q/r)2
growth rates are sub-Alfvec. A simple reduced set of tWo- Then the shear-AIﬁ/renequatio(pn takes the form
fluid equations has been given in Refs. 14 and 15. Taking the

linearized version of Eqs(31)—(36) of Ref. 15 with w o . no
=ialat, and further simplifying these equations by assuming & (- w,e)ki  dU| (0= o) (0Fio,k]) i2
that the equilibrium ion and electron temperatures are condé| ,— . +iw k2 d6 WA 8
. . *€e 7L
stant and equal, and ions and electrons are isothermal, the
following system of ballooning equations i§ obtilined for the Zw*i(w+iwﬂﬁf)A2
four dimensionless perturbed fields=fi/n, d=e¢/Te, 0, =—ag(U+V)+ > KLV, )

=7, /cs, and y=eAcs/Ts, WhereTi, 7, ¢, andA, are @A

the perturbed density, parallel ion flow, electrostatic potenand the drift-acoustic equation takes the form
tial, and parallel component of the vector potential, respec- 5

tively, d_V+(w—w*e)(w+4iw,uRf)V
2 de? wg
W=, 0= (20,— 0k’ p?)(+0) +cekid —in, k2 =, .
CA 2 . n2 g zww*eki
(1) =| —40%(wt+dio k)| 5+ ——
. . R . ). Wp wpa
(l)UH+a)*el//:CSk”n_4|/.LkLUH, (2) . .
- A - iw, K (w+iw,K)
(0= 0, )d=Cki(d—R) —ink i, (3) ’;;(w_w “)i ][(w—w*JU—Zw*iVJ
A *e
2 2,5 ACE\ 2 29\ oA 205 o R -
ok{pi(¢+n)=4o n+ C_k\\(klpi ) —ipkipi(p+n). iw,ag 7 iwnkf(w+4iwﬂkf)
s @ p— — 7 " (U+Vv)
T Wxe I A
Here we have introducedw,=p;(kxB)-«/(neB?), A
=[(B/B)-V](B/B) being the magnetic curvature. The per- S iw,]kf du dv
pendicular viscous stress terms and the transverse particle + —e[ln(m+4| w,k7)] T Y d_0+d_0 '
diffusion (< 57,) in these equations do not appear in Ref. 15, O Oy IOHK,
and these terms were taken from Ref. 14. Equatigns the (8)
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By setting u—0, w,;/w—0 and , — 5, these equations ) signg) 1
reduce to the isothermal single fluid resistive MHD Uo(|6]—%)=Ujgesf || —>;0*=0)= Y, (15
equations® B

for an odd parity mode. The constant\}/is proportional to

the incremental ideal-MHD potential energV, associated
lll. TWO-SCALE AVERAGING OF THE DRIFT with the ballooning perturbation so that positive, zero and
BALLOONING EQUATIONS negative values of Nj correspond to ideal-MHD stability,

Under plasma conditions of interest for magnetic fusion,marginality and instability, _respecti\ﬁly.
including tokamak edge conditions, the characteristic resis- [N the resistive layer, i.esf~e¢, "1, we carry out a
tive diffusion timer, is orders of magnitude longer than the two-scale perturbation analysis, introducing the slow vari-
characteristic AlfVa time 7o=1/w,. Therefore we can in- ableZ=e¢,s6 in the secular terms of the ballooning equa-

troduce the natural dimensionless resistivity parameter ~ tions and reserving thé notation for the fast variable in the
periodic terms. Thus we write
1/3
_ ( wrz)
€E.=| — f—

= <1, (9 d o9 "
A d0 a0 79z (16

/
mnGo? 13—(n y2ig IA
rzwA ¢d T

1/3

7

and use it as the basic small expansion parameter for a per-

turbative solution of our drift ballooning equations. The Rf(a)—>1+(2/e,,—a sin6)?, (17)
growth rates of resistive modes typically fall within the i i

“drift ordering,” being comparable to the diamagnetic drift 9(#)—coso+sinb(Z/e,~asind), (18)
frequency but much less than the Alfvefrequency,y  and expand the linearized ballooning equations with
~w,j<wp. In order to also take into account the sound )

wave effects, we will carry out our perturbative solution as- U(6,2)=Uo(6,2)+€,U1(0,2) + €,Ua(6,2) -+,
suming the maximal orderings (19

0~ Wy w0y~ €A (10) V(0,2)=€,V1(0,2)+ €No(0,2)+-. (20)

Besides, we assume that the viscosity is smaller than or conyVith this ordering, the shear-Alfveequation yields in zeroth

parable to the resistivity, order
_.3 2
0,S0,=€, 0. (12) i . 2ZA _ % _o, 21
O 1+iZ(o— ) IO

Accordingly, we define the normalized dimensionless fre-
quencies o=w/(€, wp), ©s=ws/(€, wp), and o, whose solution isUy=Uy(Z). In first order we solve for
=w,l(€, 0p), as well asp=w,/w,=uly,. It follows U,(6,2) andV,(6,2) to obtain

that the resistivity, the viscosity and the inertia only become

important at large values of the ballooning variabt# asing iZ2
~e;1> 1. In this domain, to be termed the resistive layer, anv(6.2)= Z (l+ o— (;,*e) Uo(2), (22)
the frequencies,w, ws, w,j, 7k =w,(s6)? and uk?
~w,(sf)?, are comparable and of the order&f w, . V1(6,2)
For s6~1 hencek?(#)~1, a domain to be called the 404 o — o, ) (0 + 4 pZ¥) a+ial(H— b, o)
ideal-MHD region, the effects of the resistivity, the viscosity =Zsing 1 (-, ) (ot A Az 0l
and the inertia are negligible. Here, to zeroth orde¢,jn the *€ B s
drift-acoustic equation is simply XUy(2). (23
d?Vo(0)  w(w—w,e) B In second order a pair of equations fog(0,Z) andV,(6,Z)

de? - w? is obtained. The condition for solubility of the equation for
U,(6,2) in the fast scale variable, yields the following secu-

whose only solution that can be continued through the resig; oqyjation that determines the leading order eigenfunction
tive layer in such a way that it vanishes at infinityMg( 6) Uo(2):

=0. Then, also to zeroth order &), the shear-Alfva equa-

tion reduces to , d z? dUo| . . o5
g dU(8) SOzl 15280 (0—a, 0 az | (@7 @) (@FIRZ9ZUg
— A2 —— =
+aZ(sinf(U1+V,))y— —Uo=0, (24)

whose solution i9Jo(#) = U geaf 8; ©*=0), the ideal-MHD
solution in the absence of inertia. Its asymptotic behavior afyhere (---), indicates the average over the fast, periodic

large| 6] is variable 6. This equation is subject to the boundary condi-
, 1 tions
= . . = = —_— + _
Voll0 =)= Vigeal | ¥ == 0"=0)= 17+ g5 (19 Ug(Z—2*)=0, (25
for an even parity mode or as required by the ballooning representation, and
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1 e, ¥/ 0
Uog(Z2—0)=—+ =, (26) 0.04
Ag Z
0.035
to match the solutioril4) or (15) in the ideal-MHD region. 0.03
The solution of this boundary problem yields the sought after  ¢.q2s
dispersion relation for our dissipative drift ballooning modes. 0.02
Transforming to a newly normalized secular variai{é 0.015
=iZ%/(»— @, ), the resistive layer eigenmode equation can )
be cast in the form, ¢.01
, 0.005 b
d/ X° dUg ! i ! Ln
2" 70 w2 2 4 2 —
S dX(1+X2 dX) [X“Q(X%)+X*T(X?)]Uy=0, 5 10 15 20
(27)  FIG. 1. FLR-modified growth rate of ideal ballooning modes as a function
where of toroidal mode numbern,. Plasma parameters arge=2, =5,

04 INyop=— w4 /Nuwp=0.02, Ag=—50 (corresponding toa=1.185
=1.01e;). TheO(1/n) correction to the ideal-MHD quantitp\ s has been
neglected. The solid curve is fars/w,=0 and the dashed curve is for the

QX =i(0— @) (&~ by e)[1+29°P(X?)]

o2 incompressible limitwg/wp—°.
-5 [1-P(X)], (28)
TOC) =1 (@~ @,) (2~ ,0)°[1+80°P(X))], (29 w?
Po=P(u=0)= —5——— : (32
and Wg w(w Wy e)
P(X?) - a,g - Its solution decaying at infinity is
i (0= 0[O+ A(D— Dy ) XP] €
° re O AROT0x X Udzrvfaﬁ—{—u+2&Pwa—wﬂﬂm;——,
a)A€77

Equation(24) [or equivalently(27)] describes the cou-
pling of visco-resistive ballooning modes to drift-acoustic (33

waves. The nove_l feature of the foregoing tvyo—scale analysigng imposing the matching conditié®6) asZ— 0 we obtain
lies in the orderingw/ws~1. In much previous analyses, e dispersion relation for compressible, dissipation-free bal-

either w/ ws<1 or w/ws>1 was assumed. As a result of the |o4ning modes in the presence of diamagnetic drift effects:
wlws<1 ordering,Vy(Z)#0 and a fourth order coupled set

of averaged equations is obtain€d?® In this limit, the geo- _ Swa
desic curvature drive for the Carreras—Diamond resistive Ap
ballooning modgthe term proportional ta? in the expres-

sion forQ) is lost and only resistive ballooning modes which

are driven byAj are found. Withw/ws>1, sound wave —w(w—w*i)[(1+2q2)w§—w(w—w*e)]
propagation is neglected and the resistive ballooning modes

of the Carreras—Diamond-type are foufid??°~??0Our equa- _ (
tions provide a bridge between these two extremes, not only

for studying resistive ballooning modes but also for investi-
gating FLR effects on ideal ballooning modé&s’ These
problems will be revisited in the next sections.

[—(1+20°Pp)w(w—w, )] (34

SC!)A 2
Ag

The quantity— 1/Ag is a measure of the ideal-MHD en-
ergy, — 6W, available to drive the ballooning instability. It is

convenient to characterize this energy in terms of the ideal-
MHD growth rate

[02—w(o—w,)]. (35)

S
IV. EFFECT OF DRIFT-ACOUSTIC WAVES ON FLR = e S (36)

2\1/2A 1
STABILIZATION OF IDEAL BALLOONING MODES (1+29°)"“Ag
The above two-scale formalism can be used to study\/Nh'Ch would be obtained in the incompressible limit,

diamagnetic drift and drift-acoustic effects on ideal modes.ws/y'_m’ in the absence of diamagnetic effects. So, the

For this purpose, we will consider in this section an ideal-1gNt-hand side of Eq(35) contains the ideal-MHD instabil
MHD unstable ec,quilibrium i.eAL<0, where resistive and ity drive while the left-hand side indicates the presence of
y WA ’

. o L . . three waves: an ion drift wavey= w, ; , and a pair of toroi-
viscous dissipation are negligible. Then, in the limit-0, dally modified electron drift-acougtlic waveap;(w—w )
n—0 Eq.(24) becomes * e

=(1+2g%)w?. The effect of the electron drift-acoustic

d dU, Z?2 waves is lost in both thevs—« and ws—0 limits: for
S 47 ZZE +(1+2q2PO)w(a)—w*i)?U0=O, ws/w—2 we have—w(w—w*i)='y|2, and for wg/w—0
Ay 31 we get—ow(w—w, )= y,2(1+ 2qg?). These standard FLR re-
(31) sults are illustrated in Fig. 1, where the,=<«< and ws=0
where growth rates are plotted versus the toroidal mode number
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Y/ @A d| X2 duo)
0.04 SP— | ——5 = | —QuX?U,=0 (39
2 0 0 ’
0.035 L dx|1+x2 dx
0.03 with
°;°§: ] Qo=Q(1=0)=1d(d~ @) (@ d,e)[1+2¢°Py]
0.015 F o
— -5 [1-Pol, (40)
0.01 2
c.oosr\ and Py given by Eg.(32). Equation(39), subject to the
L 1 Ln boundary conditions
5 10 15 20
Up(X—x)=0 (41
FIG. 2. FLR-modified ideal ballooning growth rate, versysfor ws/wa
=0.05. Other parameters are as in Fig. 1. and
uxo—1+ | Fey 42
o(X— )_A_{g e X (42)

n,, for the choice of parametes=2, q=5, w,;/(N,wa)
=—w,e/(N,wp)=0.02 andAg=—50 which corresponds
to @=1.185=1.01 ;. All short wavelength modes with
n, above the critical value such thpb, |/2 exceedsy, in

to match the solutioril4) or (15) in the ideal-MHD region,
has the form of the canonical resistive ballooning equation
considered for instance in Ref. 18, only the expression of our
the w =% case, ory,(1+2g%)2 in the =0 case, are coefficientQq being different from the standard ones. The
stabilized. solution to this boundary problefin terms of confluent hy-
The standard FLR results are dramatically modifiedP€rgeometric functionsis therefore known, and we can

when we consider the complete dispersion relats), in- write the general dispersion relation for drift-resistive bal-
cluding the coupling to electron drift-acoustic waves at finite!°°Ning modes,

ws. Now, instead of the simplified quadratic dispersion rela- o—0, 0| Y2QY T[(QYs—1)/4]

tions of the standard FLR treatments, we have a quartic dis- €,Ag=— 7 7 :
persion relation with two more roots associated with the two 85 I'[(Qg 7s+5)/4]

branches of electron drift-acoustic waves, some of whichrese modes can be driven unstable by a positiyer, for
may yield a new positive grovyth ratt_’-:. This is illustrated in o/an negligiblee, A4 but finite pressure gradient, by the
Fig. 2, where the growth rate is again plottedrysfor the o in Q,. Two limits of this dispersion relation are of
same parameters used in Fig. 1, but n@y=0.05wa.  jnterest. The first one ig,A;>1, i.e., close to the ideal-
Here, in contrast to Fig. 1, both low and highh modes are  \;yp instability threshold, where it yields

FLR stabilized but an island of instability appears at inter-

mediaten,, values. This occurs in the neighborhood of that Qo=+5". (44)

n, at which the ion drift wave is resonant with a branch of 1\ <~ond one is, Ay <1, i.e., away from the ideal-MHD

the drift acoustic waves: instability, where the dispersion relation reduces to
04041~ 0, 0)=(1+29) w3 . (37) 2T (514)]% s2(€,AL)*
_ 7

At this_ n, value, the electron drift-acoustic waves havg fre- Qo= T34 | (-0, 02
quenciesw=2w, and w=w,;, and the quartic dispersion _ _ _ -
relation (35) has two roots close te, ;, one of which de- The general expressiga3) provides a continuous transition

velops a positive growth rate: between these two limits. . o
The approximate dispersion relati@y=s?, valid in the

vicinity of the ideal-MHD instability threshold where, A

Y
w*i)' (38) —o0, can be written as

(43

(45

2

.29
wa*iiI%'y,—l—O

Thus, at this resonant value of, there is no FLR stabiliza- 1@(@—o,i)(@0—w,e)[(1+ 20%) 0~ w(0—w,e)]

tion, i.e., wheneverA;<0 there exists an unstable mode _ 202 2 .2 2

whose growth rate isBactuaIIy enhanced, for smallw, ;, = 0,OplSos (S ato(0=we)]. (46)

by a factor 2J/v3 above the value it would have in the ab- Similar to the previous section discussion after B%), the

sence of diamagnetic effects. left-hand side of Eq(46) indicates now the presence of four
waves: one ion and one electron drift waves plus the two
toroidally modified electron drift-acoustic waves. The effect

V. DRIFT RESISTIVE BALLOONING MODES of the electron drift-acoustic waves is lost in both tig
—oo and ws—0 limits. In the incompressible limit «fg

In this section we shall consider an ideal-MHD stable —«) Eg. (46) reduces to a dispersion relation analogous to
equilibrium, i.e.,Ag>0, and investigate drift resistive modes that found in the theory of internal kink modes near the
in the inviscid limit. Settingu=0, Eq.(27) becomes ideal-MHD marginal point}?
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) a),]szsz Y/ ©a
|w(w_w*i)(w_w*e):1+—2qz- (47) 0.02 b
In the absence of diamagnetic effects this has the solution 0.}
w=i[w,0as?/(1+29%)]*3, which has two damped roots )
and one unstable root with a strong resistive growth rate 0.01F
proportional to w}%w3®. Finite w,; diamagnetic effects )
mitigate this resistive instability, yielding instead two 0.005}F
damped modes with real frequencies in the vicinityeqf; ’
andw, ., respectively, and one unstable mode with real fre- ; 1 L i Ln
quency close to 0 and a weak resistive growth rate propor- 5 10 15 20 25

tional to WyDOaLDyi - Analogous results hold in the |ImeS FIG. 3. Growth rate of the drift-resistive ballooning mddem Eg. (50)]

. L 2 2 2y—1
ﬁO, substitutings®+ a _/2>0 for_ (l+2q ) . The_ cou- against toroidal mode numbar, . Parameters are=2, =5, w,;/Nywa
pling to the electron drift-acoustic waves at finttg intro-  =-o, ./n,ws=0.02,@=1.0,S=1.25x 10",

duces two new roots of Eq46), one of which develops a
strong resistive growth rate when the resonance condition

(37) is satisfied. At this point, the new drift-acoustic root o’

with real frequency aroundd, . is damped, but one of the —i(0—0,)[(1+20%) 0i— 0(0—w,e)]= 70)7,0)/2\,

two nearly degenerate roots with real frequencies arewnd (50)

has a strong resistive growth rate proportional to o ) i i

wlIZwA|w*i|71/2. or Qy=0. This dispersion relation generalizes the results of

n
Away from the ideal-MHD instability threshold, i.e., for

the range of equilibrium parameters where Q;<1, we
havee,A;<1 and the approximate dispersion relati@i®)
holds. This can be written as

Refs. 10 and 22 by including the effect of sound wave propa-
gation and coupling to the electron drift-acoustic waves. If
we neglect the sound wave propagation, i.e., settigg 0 in

Eq. (50), we recover the result of Ref. 22;

H _ .3
0(0— 0, (0= 0, [ (1+20) 02— 0(0— 0] (@ o) (@ o) =Yoo, 6
o7 (514) | 032 L* where yCDz(a2/2)1/3c%}]’3_wi’3_ is the single-fluid Carreras—
- n [02— o(0—w,)] Dlamond growt_h raté_._lee in the analysis of modes near
L34 | (0—w,e)® " ° *e the ideal-MHD instability threshold, we see, as noted in Ref.
o2 22, that the diamagnetic drift terms mitigate the strong single
— 7wﬂw/§w(w—w* o). (48) fluid resistive instability leaving only a weak resistive insta-

bility with near-zero real frequency=ia’w,ws/(2w3,).
Similar to the previously discussed dispersion relatig8®  However, our complete dispersion relatigs0) shows that
and (46), the right-hand side of Eq48) contains the insta- the growth rate of this instability is strongly enhanced when
bility drive. Here the two different resistive ballooning driv- the low-frequency branch of the drift-acoustic mode is de-
ing mechanisms, namely the global ideal-MHD energy drivegenerate with the ion drift wave according to the resonance
represented by the term proportional 4¢*, and the local ~condition(37). At this point, due to the previously discussed
pressure gradient and geodesic curvature drive representgtechanism responsible for the loss of FLR stabilization of
by the Carreras—Diamond term proportionald®, are ex- ideal modes, a strong resistive instability

plicitly shown. In the absence of these driving terms, the 2\ 12
left-hand side 0f48) would yield the ion and electron drift 0=, *(i—1) i( ‘”ﬂ“’A>
waves and the pair of electron drift-acoustic waves. The ef- 2v3\ @il
fect of the electron drift-acoustic waves as well as tife
drive are lost in the incompressible limit: takirg— o, EQ.
(48) reduces to

(52

is again found. This resonant peak of the resistive growth
rate is shown in Fig. 3, where Imaj is plotted vsn,,, for the
same plasma parameters used in Fig. 2, except thataow
4w§,wiszAé"’ =1.0< g ; the magnetic Reynolds number is taken to be
S=war?/7,=1.25 16 andAj is neglected. The dependence
of the mode frequency on, is shown in Fig. 4, where the
ion diamagnetic frequency, ; is also shown.

2I'(5/4)
I'(3/4)

—io(w—o.) (-0, :{

1+2q?
(49

This is the generalization, including finite diamagnetic drift

fre.quencu.as, of the resistive balloomng mpde d|sper3|on "€ \ISCORESISTIVE BALLOONING MODES

lation derived in Refs. 11-13. For vanishiag, ;, this pre-

dicts an instability whose growth rate follows the “tearing Perpendicular viscous effects enter E2j) in two ways.

mode scaling,” being proportional te ,*°wA?*A5*". The termT contains the viscous drag on the perturbed per-
For plasma parameters of interest at the edge of highpendicular velocity and agrees with results in Refs. 23 and

performance H-mode tokamak discharges,dfelrive is the  24. The factorP contains the viscous drag on the parallel

dominant one. Thus, neglectinz, we get the simplified flow and introduces, as noted in Ref. 25, a strong toroidal

dispersion relation enhancement of the viscosity in the linst—c. Assuming

Downloaded 03 Oct 2012 to 194.81.223.66. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



Phys. Plasmas, Vol. 10, No. 11, November 2003 Drift ballooning instabilities in tokamak edge plasmas 4411

0/ ®a 'Y/")A
0.5r _ .
e 0.02 ! \
// )
0.4+
ad 0.015}
0.3} e
’ e 0.01} -
0.2+
0.005
0.1
[ 1 1 n
] l i i n 5 10 15 20 25
5 10 15 20 25

FIG. 5. Effect of perpendicular ion viscosity on the drift-resistive ballooning
FIG. 4. Frequency of the drift-resistive ballooning mode against toroidalMode growth rate. Solid curve is f@r=0.003, dashed curve is fgr=0 (as

mode numbem,, . The linear dependence of the ion diamagnetic frequency,” Fig. 3. Other parameters are as in Fig. 3.
w,i, is also shown by the dashed line.

tically the matching condition tduJ'o(X) besides the decay
condition at infinity, and reproduces the exact eigenfunction
that the perpendicular viscosity is given by its classicalin the inviscid limit T,=0. For negligibleA; drive, the re-
value, we havex=0.158,(m;/mg)Y? and, typically, a<1.  sulting variational dispersion relation is
In this case we can linearie(; X?)=Py+ iP(X?), and

213_
Eq. (27) becomes Qo+ 2.46sTy)“*=0. (59
2 The numerical solution of this variational viscoresistive dis-
,d [ X2 dUg ) 4 . ST L
S| 5 = | — (QuX%+ ToX*Uy=0, (53 persion relation is displayed in Fig. 5, for the same param-
dX11+X* dX eters used in Fig. 3 an@d=0.003. It shows that the viscosity
with Py, andQ, given by Eqs(32), (40), and reduces the growth rate of the drift resistive ballooning

mode, especially at very large toroidal mode numbers, but it
does not affect much the growth rate peak at the resonant

+2/a’PY (&= by o) ). (54  Vvalueofn,.

To=i/(1+802P3)(o— i, ) (d— y0)?

Moreover, fore,Ap<1, i.e., away from the ideal-MHD in- ;. cONCLUSIONS

stability threshold, the magnitude of ba@y and T, is much ) o L

less than unity. Thus, restricting ourselves to this case, we BY making use of the—a equilibrium description of a

can solve Eq(53) in two asymptotic regions. First, an inner tokamak, a simple differential eigenvalue equation describ-

region|X|~ 1, where it reduces to ing linear resistive ballooning instabilities has been derived.
This equatiof Eq. (27)] is appropriate for collisional plasma

521 X2 d_Ui) _ (55) conditions in the edge pedestal region of a tokamak. This
dX|1+X%2 dX ’ extends the original analys@$? of resistive ballooning

modes, by describing the effects of matching to the ideal
region, of coupling to electron drift-acoustic modes, and of
perpendicular viscosity. Whem> «;; (the critical value for

and has the following solution satisfying the ideal-MHD
matching condition:

L I Y21 ideal-MHD, n4,— o, ballooning instability coupling to drift-
UO_A_é el Ho el X X|- (56)  acoustic waves removes ion FLR stabilization of ideal-MHD
_ ) modes at a particular range of wavelength, i.e., a particular
Then, an outer regiofX|>1, where it reduces to toroidal mode number. In addition, when< a.,; and ideal
d?uy modes are no longer unstable, the same coupling mechanism
SZW—(QOXZJr ToX"Up =0, (57)  causes the growth rate of drift-resistive ballooning modes

(drift-RBM) to peak in this range of wavelengths. In prac-
and whose solution is subject to the matching conditiortice, however, for parameters typical of the edge pedestal in
U{,'(X—>O)=U{)(X—>oo). Now we can obtain a variational Alcator C-Mod, s/ wa~0.02,w,i/Nnywa~0.050=5)
form of the viscoresistive dispersion relation using the trialthese effects are predicted to appear at very low values of

function ng=2 or 3. In the absence of ion viscous damping a broad
1 i 112 spectrum of unstable drift-RBMs is predicted to be unstable
US(X):X1/2K1/4(O'X2)[—,— 6,7( — ) so that the transition between ELM-free H-mode and the

Ag - Pxe EDA-mode in Alcator C-Modin which a single quasicoher-

(o/2)Y21 (3/4) ent eigenmode witm ,~20 appears in the pedestal region

~ AT } (58  cannot be explained within the context of linear drift-RBM

B theory.

whereK 4, is the modified Bessel function andis a varia- Addition of perpendicular ion viscous effects has been

tional parameter. This choice of trial function satisfies iden-studied in a variational formalism. This indicates that the
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