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Two-fluid magnetic island dynamics in slab geometry.
l. Isolated islands
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A set of reduced, two-dimensional, two-fluid, drift-MHB®nagnetohydrodynamicakquations is
derived. Using these equations, a complete and fully self-consistent solution is obtained for an
isolated magnetic island propagating through a slab plasma with uniform but different ion and
electron fluid velocities. The ion and electron fluid flow profiles around the island are uniquely
determined, and are everywhere continuous. Moreover, the island phase velocity is uniquely
specified by the condition that the island-induced modifications to the ion and electron velocity
profiles remain localized in the vicinity of the island. Finally, the ion polarization current correction

to the Rutherford island width evolution equation is evaluated and found to be stabilizing provided
that the anomalous perpendicular ion viscosity significantly exceeds the anomalous perpendicular
electron viscosity. €005 American Institute of PhysidDOI: 10.1063/1.1833375

I. INTRODUCTION island separatrix gives rise to an additional term in the Ru-
therford island width evolution equation, which is stabilizing
Tearing modes are magnetohydrodynami®dHD) in-  or destabilizing, depending on the island propagation veloc-
stabilities which often limit fusion plasma performance inity relative to the unperturbedi.e., in the absence of an
magnetic confinement devices relying on nested toroidaisland local flow velocities of the ion and MHD fluids. The
magnetic flux surfaces As the name suggests, “tearing” key problems in two-fluid island theory are the unambiguous
modes tear and reconnect magnetic field lines, in the procestetermination of the island phase velocity, and the calcula-
converting nested toroidal flux surfaces into helical magneti¢ion of the ion and electron fluid flow profiles around the
islands. Such islands degrade plasma confinement becauséand separatrix. As yet, no consensus has emerged within
heat and particles are able to travel radially from one side ofhe magnetic fusion community regarding the solution of
an island to another by flowing along magnetic field lines,these problems.
which is a relatively fast process, instead of having to diffuse  In this paper, we first develop a set of reduced, two-
across magnetic flux surfaces, which is a relatively slowdimenstional(2D), two-fluid, drift-MHD equations. These
proces§_ equations contain both electron and ion diamagnetic effects
Magnetic island physics is very well understood within (including the contribution of the ion gyroviscous tensas
the context ofsingle-fluid MHD theory. According to this well as the Hall effect and parallel electron compressibility.
theory, the island width is governed by the well-known non-However, they do not contain electron inertia or the com-
linear evolution equation due to Rutherfordloreover, the — Pressible Alfvén waveéwhich play negligible roles in con-
island is required to propagate at the local flow velocity ofventional magnetic island physic©ur set of equations con-
the MHD fluid, since fluid flow across the island separatrix isSists of four coupled partial differential equations, and is both
effectively prohibited. analytically tractable and easy to solve numerically. We em-

Magnetic island physics is less completely understoodPloy our equations to study the evolution of an isolated mag-
within the context otwo-fluid, drift-MHD theory’®which ~ netic island inslab geometryUsing a particular ordering
is far more relevant to present-day magnetic confinement de&icheme, we are able to calculate the island phase velocity
vices than single-fluid theory. In two-fluid theory, the island @nd uniquely determine the ion and electron fluid flow pro-
is generally embedded within ion and electron fluids whichfiles outside the island separatrix.
flow at different velocities. The island itself usually propa- Il. DERIVATION OF REDUCED EQUATIONS

gates at some intermediate velocity. For a sufficiently wide )
A. Introduction

island, both fluids are required to flow at the island propaga*

tion velocity in the region lying within the magnetic separa-  |n this section, we shall generalize the analysis of Refs.

trix (since neither fluid can easily cross the separattiow- 19 and 20 to obtain a set of reduced, 2D, two-fluid, drift-

ever, the region immediately outside the separatrix iSVIHD equations which take ion diamagnetic flows into ac-

characterized by strongly sheared ion and electron fluid flovgount.

profiles, as the velocities of both fluids adjust to their unper- ) )

turbed values far away from the island. The polarization curB- Basic equations

rent generated by the strongly sheared ion flow around the Standard right-handed Cartesian coordindteg,z) are
adopted. Consider a quasineutral plasma with singly charged

dElectronic mail: rfitzp@farside.ph.utexas.edu ions. The ion/electron number density is assumed to be
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uniformandconstant Suppose that;=7T,, whereT, . is the )
ion/electron temperature, ands uniform and constant. o1 TV V|P=-TPV -V+«V°P. (6)
Broadly following Hazeltine and Meiss, we adopt the
following set of two-fluid, drift-MHD equations: Here, V.=dibX VP/B, V,=V+[7/(1+7) Vs, V.=V+[7/(1
1 +7)]V.—d, J, andd, = (m,/ nge?uo)?/ a is the normalized col-
E+VXB+ —(VP— L(b- VP)b-JXB lisionless ion skin depth. Maxwell’s equations are written as
M 1+7 V.-B=0, VXE=-dB/dt, andV X B=J.
- ,ueVZVe> =, 1
D. 2D assumption
min0|:(i +V-V + T V. -V)V Let us make the simplifying assumption that there is no
at 1+7 variation of quantities in the direction, i.e.,d/dz=0. It
r immediately follows thaB=V X z+B,z and E,=—d/ ét.
-—V.-V(b-V]b
1+7
- _ 2\, 2
=IXB= VPHumVVi+ ueViVe, 2) E. Reduction process
d _ 2 Let us adopt the following ordering, which is designed to
at V-V IP=-IPV -V+«V°P. S decouple the compressional Alfvén wave from all the other

waves in the system:
Here,E is the electric fieldB the magnetic field) the elec-

tric current densityy the plasmaguiding-centervelocity, P P =Py +Bopy + P2, (7)
the total plasma pressure,the magnitude of the electron
charge,m; the ion massy the (uniform) plasma resistivity, B,=Bg+b,. (8)

Me the (uniform) electron viscosityy; the (uniform) ion vis-
cosity, x the (uniform) plasma thermal conductivity, anid
=5/3 the plasma ratio of specific heats. Furthermote, Po>By>1. (9
=B/B, V.=bX VP/enB, V,=V+[7/(1+7)]V., and V =V

+[7/(1+7)]V.=J/nse. The above equations take into ac- Furthermoreps, p,, by, 4, V, V, andd/dt are all assumed to
count the anisotropic ion gyroviscous tensor, but neglecPe O(1), andV -V is assumed to be much less thard).
electron inertia. Our system of equations is completed by Now, to lowest order, the component of Ohm'’s law, Eq.
Maxwell's equations:V-B=0, VXE=-gB/dt, andVxB (4, gives

Here, P, and B, are uniformand constant, and

=uod. Note that the transport coefficients;, ue, and k, P

appearing in the above equations, ateenomenologicain (— +V-V )41/: —d[b,+ /(1 +7), ]

nature, and are supposed to represent the anomdifibusive It

transport of energy and momentum across magnetic flux sur- + V2 — diu VAV, + dV3y). (10

faces due to small-scale plasma turbulence. o
Here, [A,B]=VAX VB-Z Likewise, thez component of

the curl of Eq.(4) reduces to

C.N lized ti d
ormalized equations <E +V.V )bZ: [VZ+ div2w’ w] - BOV -V o+ nvaZ

Let V=aV, t=t/(a/V,), B=B/B, E=E/(B.Va),
=3/(Bal o), V=V/Vy, Vs e=Vsio/Va P=P/(B2/ uy), w2y 2( T )]
=l (uoV@), ju o= i ol (NgMV,a), and &=/ (V,a), where *dineV {U AVA Lt P |-
V,=B./uonom;. Here,a is a convenient scale length aBg (12)
a convenient scale magnetic field strength.

Neglecting hats, our normalized two-fluid equations takeHere,U=-V XV -Z
the form To lowest order, the equation of motion, E§), implies
that

py=—Dh,. (12

Furthermore, the component of this equation yields

I o

E+v><|3+di(VP—L(b- VPb-JXB
1+7

- ,ueV2Ve> =nJ, (4)
J
(E Vv )VZ = [b21 lﬂ] + /'LiVZVz + :U«evz(vz + diVZ‘//)u

(13

Jd
<_+V'V+ T V*V)V_LV*V([bV]b)
A 1+7 1+7

=IXB= VP+ V¥V, + uV3V,, (5  whereas the component of its curl reduces to
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J d; aV.
(— +V.V )u =- 2 ——{VA$.b]+[U,b,] L= [V + Ol Z, Y1+ VAV, + VAV, + (dglg)J].
at 21+71 at
+[V20,, 1} + V24, 4] (22)
L Here,D=c2p+(1-c2)k, U=V2¢, J=V2y, andY=V?Z. The
+ V2 U+ ——V? elds which are - i
i 147 2 four fields which are evolved in the above equations are the
magnetic flux function ¢, the (nﬂalized perturbed
+MeV2(U— d Vzbz). (14) z-d_irgcted magneti.c. fieldZ(=b,/cgV1+7), _the z-d?rected
1+7 guiding-center vorticityU, and the(normalized z-directed

guiding-centertand ion fluid velocity V,(=V -2/ V1+7). The
Finally, to lowest order, the energy equation, Eg), gives (normalized z-directed electron fluid velocity isV,
+(dg/cp)Jd. The quantitys is the guiding-center stream func-
d _ TI'Py > tion. The ion stream function takes the forf=¢+dg7Z,
(E V- V) P1=" B_o V VKV, (15 whereas the electron stream function is writiesF ¢p—dgZ.
The above equations are “reduced” in the sense that they do
Eliminating V-V between Eqgs(11) and (15), making  not contain the compressible Alfvén wave. However, they do
use of Eq.(12), we obtain contain the shear-Alfvén wave, the magnetoacoustic wave,
the whistler wave, and the kinetic-Alfvén wave. Our equa-
tions are similar to the “four-field” equations of Hazeltine,
Kotschenreuther, and Morris&ﬁ,except that they are not
limited to small values of3.

-2 9 . ) - o2 ( f) 2
Cﬁ<at+v Vb, [Vz'i'dlV l,//,l//:|+ 77+’3 Vb,

d:
+ di,ueV2<U - —'Vzbz). (16)
1+7
1. ISLAND PHYSICS

Here, B=T'P,/B3 is (" times tww calculated with A Introduction
the “guide field,”By, andcg=+B/(1+p). Note that our or-

dering scheme does not constrgnto be either much less
than or much greater than unity. In tokamak terminology, th
inequality (9) implies a highpoloidal g value (i.e., B,~ P

The aim of this section is to derive expressions deter-
éﬂining the phase velocity and width of &vblatedmagnetic
island (representing the final, nonlinear stage of a tearing

> 1), but does not necessarily imply a higgroidal 3 value instabiljty) fr.om the previqusly derived set of reduced, 2D,

(i.e., Bi~ Po/BS is not necessarily>1). two-ﬂwd,'drlft-MHD equatlons'. ' S '
Equation (15) implies thatV-V~O(Bgl): ie. that the an5|der_ asl_a_b plasma which is periodic in the dlrec_-

flow is almostincompressible. Hence, to lowest order, we 10N With periodicity lengthl. Let the system beymmetric

can write aboutx=0: i.e., y(-x,y,t)=(x,y,1), Z(-x,y,t) ==Z(x,y,1),

d(=x,y,1)==¢(x,y,t), andV,(-x,y,t)=V,(X,y,t). Consider

a quasistatic, constamtimagnetic island, centered e 0. It

is convenient to transform to thisland rest framein which

dlat=0. Suppose that the island is embedded in a plasma

with uniform (but differen} y-directed ion and electron fluid

velocities. We are searching for an island solution in which

I o _ - the ion/electron fluid velocities asymptote to these uniform
Let dg=cgdi/V1+7, Z=b,/cg1+7, and V,=V,/\1+7.  velocities far from the magnetic separatrix.

Neglecting the bar ove¥,, our final set of reduced, 2D,

two-fluid, drift-MHD equations takes the form

V=V gX2+V,2 (17)

F. Final equations

B. Island geometry

d ds(1+ In the immediate vicinity of the island, we can write
a—lf/ =[p—dgZ, ]+ nI- M—G'MVZ[VZ“ (dglcp)d], , Y
B

X
(18) (X, 0,t) =— B +W(t) cosé, (22
where 6=ky, k=27/l, andW(t) >0 is the reconnected mag-
iz _ 4 netic flux (which is assumed to have a very weak time de-
[4,2]+ eV, + (dy/cy)d, ¥l + DY pendencg As is well known, the above expression fgr

at
) describes a “cat’s eye” magnetic island of full width the x
+ pedgV (U B dBY)' (19) direction W=4w, wherew= V. The region inside the mag-
netic separatrix corresponds %= > -V, the region out-
U dur side the separatrix correspondsytec =W, and the separatrix
e [¢,U]- ‘EL{VZ[QS,Z] +[U,Z]+[Y, 8]} +[J,¢] itself corresponds tgy=-¥. The islandO- and X-points are
located at(x, #)=(0,0), and(x, #)=(0, ), respectively.
+ VAU + dg7Y) + meV3(U - dgY), (20) It is helpful to define a flux-surface average operator:
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f(s,4,6) do permits the magnetoacoustic wave to flatten the plasma pres-
(f(s,4,0)) = 3€ TN 2n (23)  sure profile within the island separatrix. According to our
scheme, bottZ and ¢ are flux-surface functionsto lowest
for y<-¥, and order. In other words, the lowest order electron and ion

% f(s, 4, 60) + f(~ S, , 6) do streamfunctionsg.= ¢—dszZ and ¢ = ¢+ds7Z, respectively,

(f(s,4,0)) = (24)  are flux-surface functions.
~bo 2Ix 2m Equations(26)—(29) yield
for = ¢=-V¥. Here,s=sgn(x) and x(s, , 6,) =0 (with dwis]
> 6f,>0). The most important property of this operator is dt c030:[¢[5]—d[ﬁ1]z[4],¢]+ 7802
that
Blgl1 + 1)
(AWD =0 (25 - e B D g a2
B
f field A(s, i, 6).
or any fieldA(s, i, 6) o), (30
C. Island equations 0 :CB[V[ZSJ + (dEBl]/CB) 8312, 7] + DIBIYIO]
The equations governing the quasistatic isldndnich +u[es]d%]Vz[_z](Um—d%]Y[O]) +O(dY), (31)
follow from Eqgs.(18)—(21)] are
dir
‘Z—T cosh=[ b~ dsZ,y] + 7o) 0= =MEH[UI, ] = = LU, ]+ MLV, g}
(2] [Bly2( ] 4 gtdl Lol
e DGy dgopar),  (26) FLoT ey s )
c 2+ (0glCp)o], + ([By2(yl - gialyiol 5
B pe VAU = dg Y) + O(dp), (32
0=[¢Z]+cgV,+(dg/cg) 8,4] + DY 0=-MIEVE g+ 05[2[4], W]+ Mi[s]vg[—z]v[za]
201) — :
+ MedBV (U dng), (27) + M?]Vz[ 2][\/[23] + (d%]/cﬁ) 5J[2]] + o(dZ)' (33)

where Y0=v2ZI01 yltl=v24tl ME(s, ) =dgtt/dy, and
LO%s, y)=dZ%/dy. Here, we have neglected the super-
scripts on most zeroth-order quantities for the sake of clarity.

0=16.U1- V4,21 +[0.Z) +[Y,61) + (8.4

2 201y -
+ VAU +dg7Y) + 1eVA(U — dpY), (28)  As indicated, some of th&2 terms areO(d;”), since they
B 5 ) operate on quantities which are only important in thin bound-
0=[h Vol +cdZ, ]+ mVVy + VAV, + (dglcp) ], ary layers of widthO(d) located on the magnetic separatrix.
(29) In the following, we shall neglect all superscripts for ease of

where 8J=1+V?y (the 1 represents an externally applied,nOtat'On'

inductive electric field maintaining the equilibrium plasma
curreny, Y=V?Z, andU=V?¢. E. Boundary conditions

_ It is easily demonstrated that thecomponents of the
D. Ordering scheme (lowest order electron and ion fluid velocitieén the island

For the purpose of our ordering scheme, we require botfieSt frame take the formVe,=x(M-dgl) and V,=x(M
V andy to beO(1) in the vicinity of the island. This implies *+dg7L), respectively. Incidentally, sincé,, andV;, are even
that our scale lengtha is O(W), and our scale field-strength functions ofx, it follows that M(s,#) and L(s,) are odd
B, is O(W/W), whereW and¥ are the unnormalized island functions. We immediately conclude thdt(s, ) andL(s, )
width and reconnected flux, respectively. are bothzeroinside the island separatrigince it is impos-
We adopt the following ordering of terms appearing in Sible to have a nonzero, odd flux-surface function in this
Egs.(26)<(29): d =d[l], =0 b=l (s, )+ H5Ns, v, 6), region. Now, we are searching for island solutions for which
7=71%s, y) + 214 (S'j’ 0), VZ:V?](S, ,0), and &)=8)2 XM — Mg andxL— Lg as|x|/w— ce. In other words, we de-
X(s, ¢, 6). Moreover,V=V° 7=70] ¢ :C[o], P e:Mi[sg, p sire solut_|ons whm(kg) matcrzo)to an unperturbed plasma far
=3, p=713, D=DI3, andd\If/dtzd\I'é]/dB. ‘ ' from the island. IfV,; andV,/’ are the unperturbed.e., in

Here, the su- y - .
perscriptfi] indicates a quantity which is Ordédﬁ)i’ where the a_b'sen_ce of an islang-directed elec(tg)on and ion fluid
velocities in thelaboratory frame then Vey—V:MO—dBL0

it is assumed thad;< 1. This ordering, whiclitogether with ©) : i )
Eqgs. (30<33)] is completely selfconsistent, implies weak andVy, —V=Mo+dsrlo whereVis the island phase vel(()(glty
(i.e., strongly sub-Alfvénic and submagnetoacoystia- N Ot)he laboratory frame.(o)lt follows that((l)-)oz(v%)
magnetic flows, and very long.e., very much longer than _Vfgy)/dﬁ(l"'T) and Mo=Vgg -V, where VEBy:(Viy
the Alfvén time transport evolution timescales. Note, in par- +7-Vé°y>)/(1+r) is the unperturbed plasnfax B velocity in
ticular, that our ordering scheme impli¥g, Ve <cg which  the laboratory frame. Hence, determining the island phase
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velocity is equivalent to determining the value Mdf,

F. Determination of flow profiles

Flux-surface averaging Eq&31) and(32), we obtain

<V2u> + QM<V2Y> -0

34
(i + pe) (39
and
SwWAV2Y) = (Y)=0, (39
where
dg [mipe(l+17)
o= —é’\/e— 36
D(ui + pe) (36
Assuming that the island is “thinli.e., w<I), we can
write V2= ¢?/9x?. Hence, Eqs(34) and(35) yield
M(s ) = - BETTED () Fs g, (37)
(i + o)
where
d - 2 _
dw{d¢<§2w2<><4> ) (x )L] = (39
and
dF
W(<X4>E//) =0. (39)
We can integrate Eq38) once to give
A _L> oL =
(de(( ) m ()L = -sly. (40)

We can solve Eq(39), subject to the constraints thitbe
continuous, and-=0 inside the separatrix, to give

Fen= SFJ o) / J _m<x“>

outside the separatriXWe reject the solution in whicliF
blows up agx|/w—.) Note thatxF— |[x|F, as|x|/w— o,
which is only consistent with our requirement tha

(41)

— Mg as|x|/w—0 if F5=0. However, for the moment, we

shall continue to regarBy as a nonzero quantity,
In order to solve Eq(40), we write ¢y=—/W, ((---))
=(---w, X=x/w, andL=L/(Ly/w). It follows that
d dL .
52d7<<<x4>>d7> — (X)L =~ (42)

According to our ordering schemé~dg<1. Thus L(s ap)

Two-fluid magnetic island dynamics in slab geometry: I....

Phys. Plasmas 12, 022307 (2005)

wherey:(fﬂ— 1)/ 6. It follows that
dd 3
@ - él =0, (44)

since((X?);=1=4/m and ((X%);-;=32/3m. Hence, the con-
tinuous solution to Eq(40) which satisfies the appropriate
boundary conditions is

§?ﬂ_—1ﬂ

8 ¢

[ ~[ 1 = p<_
(s, zp) S 0 4ex

in the region outside the separatfixe., ¢r> 1). Of course,
L(s 1//) 0 in the region inside the separatfixe., ¢< 1).

(45)

G. Determination of island phase velocity

Let 8J=46J.+ 8, where 83, has the symmetry of cas
whereaséJs has the symmetry of si Now, it is easily
demonstrated that

(8Jgsin ) = é(x[é\],z//]). (46)
Hence, it follows from Eqs(32) and(37) that
o (mtpe d 5 dF _ )
(8Jssin ) = T d<ﬂ<< >dtﬂ2 (x > dy (XF
(47)

Now, for an isolated magnetic island which is not interacting
electromagnetically with any external structure, such as a
resistive wall, the net electromagnetic force acting on the
island must be zero. This constraint translates to the well-
known requirement that

f (8Jssin G)dy=0. (48)
-

Using Eq.(47), this requirement reduces to the condition

2,
lim <<x5>37; - 2<x3>g—; - <X>F>

X/W—s 00

. d(1dom\]_
x/wToo[S)gdx<x dx )}_ Fo=0.

o i

(49)

sincexF— |x|Fg as|x|/w—o. Hence, we conclude thé,

=0 [i.e., F(¢)=0, everywhergfor an isolated magnetic is-
land. Indeed, it follows from the analysis of Sec. Il F that
Eqg. (48) is automaticallysatisfied when the island-induced
modifications to the ion and electron velocity profiles are
localizedin the vicinity of the island, as must be the case for
an isolated island.

takes the values/((X?)) in the region outside the magnetic It follows from Eq. (37) that

separatrix, apart from a thin boundary layer on the separatrix

s . )
itself of width dw. In this layer, the function.(s, ») makes a —‘Lz—)eL(S. b).
smooth transition from its exterior valyhich issw/4 im- M
mediately outside the separalrito its interior value 0. We Hence, MOZ—[dB(,u,,T MQ/(M,+,U,G)]LO Recalhng thatM,

can write =V, Vs dglo= (Vi) =VaN/ (1+7), V=V +dgrio, and

M(s, ) = (50)

EBy
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Lo _ 5 :<v—v<E°éy><v—vf§’>><X2_@)g[w&—1)]
7 d ¢ 2 (1 /dyl )?
Tosf M) Zosf +1(s,9), (54)
H -. H wherel(s, ) is as yet undetermined. The functiét(d) is
S A 1 2 : zero ford<0, and unity ford=0. Here, we have made use
: ] Lo 2 """ 3 """" 4 """" ! of the fact that outside the separatlits, ¢) =sLy/(x?), and
X/ (W/2) X/ (W/2) M(s, ) = sMy/(x?), apart from a thin boundary layer on the

separatrix itself. It turns out that we do not need to resolve
FIG. 1. Velocity profiles as functions of at constan®, evaluated on a line this boundary |ayer in order to calculate the total ion polar-
passing through the islar@ point (i.e., atd=0) in the island rest frame. The . . .
O point lies atx=0. The island separatrix is indicated by a vertical dotted 1zation Cl’!rren_t' However' W_e do have to 'n_CIUde the net cur-
line. The solid curves show the normalized ion fluid velocity profil; rent flowing in this layer in our calculation of the total

—V)/(Vi(f)—\/eoy)). The short-dashed curves show the normalized electroncurrent'®* Flux-surface averaging Eq$30) and (33), we
fluid velocity profile: (Vey—V)/(\/if)—Vg). The long-dashed curves show gptain
the normalizecE X B velocity profile: (VEBy—V)/(\/i)?)—Vg). The left-hand

panel shows the case of viscous iopg/4;=0.1, 7=1.0, and6=0.2. The _dv
right-hand panel shows the case of viscous electrpngu,=0.1, 7=1.0, €2W2<V25Jc> —(8)=-7n 1d—(COSG>, (59)
and 5=0.2. t
where
VO=vO _d,L, we obtain the following expression for the Fg'\/—'ui#e : (56)
ey = Vesy~Uglos g exp WV i+ pe)

island phase velocity:
Note thate~dz<1, according to our ordering scheme.

VO 4 VO Equation(55) implies that
V:Ml_ (51) q (55) imp
i+ e _d¥
. L (83;) = 77— ~(cos¥), (57)
In other words, the island phase velocity is thiscosity dt

yvelghted mgarmf the unperturbeqjl.e., N t.h.e absence O.f an apart from in a thin boundary layer on the separatrix of width
island local ion and electron fluid velocities. Hence, if the It is easily demonstrated that the deviatior(ad.) in the
ions are far more viscous then the electrons, then the islant?gtmdary Ia))//er from the value given in E€57) r;akes a

propagates with the ion fluid. In this case, the ion fluid ve- . I : C
locity profile remains largely unaffected by the island butneghglble contribution to the total ion polarization current.
' Hence, we shall treat E@57) as if it applied everywhere.

the electron fluid velocity profile is highly sheared just out- ) .
side the island separatrix. The opposite is true if the electrons Equations(54) and (57) give

are far more viscous than the ions. This is illustrated in Fig. (V—VE’QQ(V—V{?)( , <x2)> d [H(fp— 1)]
8. = -\ ==
= , . ¢ 2 L/ dyl &2
We have now fully specified the ion and electron stream
functions¢; and ¢, respectively, in the island rest frame. In —1d_q’<0030>
fact, ¢ =0 inside the separatrix, and T dt (1) - (58)

d¢>—(sA) . I:(s A) The island width evolution equation is obtained by
aéisé) _ (Vi(;)) -vg)y))L—"'b (52)  asymptotic matching to the region far from the isl&nich

dys

Mit e W fact,
putside the sgpar_atrix, V\{here thg fl'Jnctle(rs, z}) is spgcified A = — 4f_m (63, cos By, (59)
in Eq. (45). Likewise, ¢, is zero inside the separatrix, and v
s ] T whereA’ is the conventional tearing stability indéXIt fol-
@ - (Vi()(/)) _ v@)LM (53)  lows from Eqgs.(58) and(59) that
+ w
i . o NN
outside the separatrix. Note that the stream functions and N w3 .
their first derivatives are everywhere continuous, which im- ~
plies that the ion and electron fluid velocities are everywhere B <<X2>>2>£[ H(y— D]dA
continuous. {1)) d;,/ ((X?))?
8dw [ ((cosH))? -
L BaW [ (Cosh (60)
H. Determination of ion polarization correction ndtJ; (D)
It follows from Eg. (32) that Performing the flux surface integrals, whose values are well
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known!* we obtain the following island width evolution ity operators, which are supposed to represent anomalous

equation: perpendicular momentum transport due to small-scale
_\/0) _ 0 plasma turbulence.
0.823dW_ /4 1.38(\/ VEBV)(V3 Yiy) (62) The ion polarization current correction to the Rutherford
7 dt (Wi4) island width evolution equation is found to be stabilizing

Here, W=4w is the full island width. The ion polarization When the island phase velocity lies between the unperturbed
current term(the second term on the this only stabilizing ~local ion fluid Veloc'% and the unperturbed loda< B ve-
when the island phase velociy lies between the unper- locity [see Eq.(61)]. It follows, from our result for the

turbed localE X V velocity v©@ “and the unperturbed local island phase velocity that the polarization ternstiabilizing
ratd when the anomalous perpendicular ion viscosity significantly

- ; 1\ /(0) 24
velocity of the ion ﬂu'dviy ' exceeds the anomalous perpendicular electron visc(sey
Fig. 1, left panel. Conversely, the polarization term is desta-
bilizing when the electron viscosity significantly exceeds the
A set of reduced, 2D, two-fluid, drift-MHD equations ion viscosity[see Fig. 1, right pangf° Note, however, that
has been developed. This set of equations takes into accountorder for the electron viscosity to exceed the ion viscosity,
both electron and ion diamagnetigincluding the contribu-  the electron momentum confinement time would need to be
tion of the ion gyroviscous tenspras well as the Hall effect at least amass ratio smallethan the ion momentum con-
and parallel electron compressibility, but neglects electrorfinement time, which does not seem very probable. Hence,
inertia and the compressible Alfvén wave. For the sake ofve conclude that under normal circumstances the polariza-
simplicity, the plasma density is assumed to be uniform, andion term is stabilizing.
the ion and electron temperatures constant multiples of one
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