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The effectiveness of using localized current drive or heating to suppress the formation and growth
of neoclassical magnetohydrodynaniMHD) tearing modes is addressed. The most efficient way

to use an auxiliary current source is to cause current to flow in the same direction as the equilibrium
bootstrap current and phase the current relative to the magnetic island such that the current is
deposited on the O-point of the island. Theoretical estimates for the amount of required current to
suppress the formation of a large magnetic island is of order a few percent of the equilibrium
current. If the suppression is successful, the magnetic island will saturate at a width of order the
radial localization width of the current source. Localized heating at the O-point of the magnetic
island can also produce stabilizing effects relative to magnetic island growth. The effects of the
driven current or heating can be illustrated by using a phase diagram of the island growi997©
American Institute of Physic§S1070-664X97)02508-1

I. INTRODUCTION local heating and current drive effects on neoclassical MHD
tearing modes.

Neoclassical effects modify the resistive magnetohydro- ~ An analytic theory can be developed by including the
dynamic (MHD) description of tearing modes in toka- effects of perturbed helical bootstrap currents, and the local-
maks'~In particular, the self-consistent effects of perturbedized sources through a generalized Ohm’s law. In Sec. Ill a
bootstrap currents allow pressure-induced magnetic islandonlinear island evolution equation is derived that includes
formation in the positive shear regions of tokamaks. Thighe effects of a phase localized current source. The stability
instability process can, in principle, give rise to magneticProperties with this new term are illustrated through the use
islands at every low-order rational surface despite the fac®f phase diagrams for the island evolution. In Sec. IV, the
that resistive MHD theories predict stabilty.As tokamak effects_of localized heating are addre_ssed. Localized heating
discharges start to operate more routinely at low collisional9iVeS rise to self-consistent deformations of the current pro-
ity, with high 8,, large bootstrap fraction and long pulse file through the temperature dependency of the plasma resis-

lengths, neoclassical tearing modes will play a more promiiVity- Finally, we apply these results to indicate the level
nent role in limiting stored energy and reducing confinementn?e?i;ljl_fg s;uppress th; formation of large amplitude neoclas-
A number of tokamak experiments have observed the'ca earnng modes.

appearance of neoclassical MHD tearing motdésssoci-  II. ISLAND EVOLUTION EQUATION
ated with these modes is the formation of slowly growing  consider an equilibrium with a monotonically increasing
magnetic islands that reduce the confinement time of th@I profile and magnetic surfaces labeled by the “radial” co-
plasma’ or, if the islands grow large enough, cause a disrdinate p. The poloidal flux functiony is a function of
ruption. Additionally, in long pulse, low collisionality toka- p, y=y(p). The equilibrium magnetic field is writte®,
maks, the neoclassical MHD tearing modes provide beta lim=|(p)V ¢+ ¢/ VX Vp=q(p)y/ VpX V o+ ¢/ VX Vp where o/
its well below that predicted by ideal MHD stability theory. =dy/dp. In this work, a small aspect ratio assumption is
It is anticipated that unless they are stabilized, neoclassicalsed, so thatB|=1|V¢|=1/R whereR is the major radius.
tearing modes will provide a dangerous instability for the ~ Magnetic reconnection can occur at the rational surface
proposed International Thermonuclear Experimental Reactay(ps) =m/n. Now consider a magnetic perturbation resonant
(ITER) device® at that surfacep=pg of the form B;=V XV, where ¢

In this work, the effect of localized current drive or heat- = ¢, (p)cosmé—n¢). Near the rational surface, the total
ing sources on magnetic island formation is addressed. Speaagnetic field has the approximate forBe=qsiy:VpXVa
cifically, we attempt to quantify to what extent these meth-— (4.q:/qs)V{XVW¥, where
ods can be used to stabilize the neoclassical-MHD tearing ~
mode. A number of proposals have been suggested and stud- = E x2— ﬂ )
ied relative to stabilizing magnetic island formation in toka- 2 q'y’
maks which are resistive MHD unstable. In particular, thesey= §— 7/q, is the resonant angles=p— ps is the distance
methods include using applied resonant field errors withaway from the rational surfacgs=q(ps), d:=q’(ps), and
negative feedbacki™ local heating of the island .=y'(py). In the vicinity of the island regionB-V¥
regioni®~3and local current drive mechanisffs?®We ex- =0, indicating that¥ labels the perturbed magnetic flux sur-
tend these studies and use a similar procedure to study tHaces.
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Using the constang assumption of tearing mode theory implies (dp/dx)=(x)dp/d¥. Assuming a cross-field diffu-
U1(p)=i(ps), the perturbation gives rise to an island of sion process and a pressure source located away from the

i rational surface, the pressure profile in the vicinity of the
rational surface is given By*3033
Qs
W=4~/—=— @)
s dp _dp O (¥ —W2/16)

®

The local approximations are valid if the small island as- d_‘lfzﬁ
sumptionW< p, is satisfied. A helical flux surface averaging
operator is defined by

da > ’
eq fﬁ — 2 +W? cos a/8
2

where0 is a step function and p/dp|eq= pe is the equilib-

d_a c rium value of the pressure gradient in the absence of the

27 29 +w? cogma)/8 magnetic island. This model of the pressure profile has a flat

(C)= da 1 3) spot inside the island separatrix. For island widths smaller
— than a characteristic distance determined by the ratio of per-

27 \2W +w?* cogma)/8 pendicular to parallel equilibration processes, the pressure is

for any functionC. It has the propert-V{(C)=0. not a flux function and a different treatment is needed. For

In the relevant nonlinear regime where the island widththe purposes of this paper, we will restrict our calculation to
exceeds the linear layer width, a variant on Rutherford?e relevant for island widths larger than any characteristic
theory is used to construct an island evolution equaiidn.  threshold distance8323%% _ N
this asymptotic theory, the form of the current in the vicinity ~ USing Egs.(5—(8) in the matching condition, Ed4),
of the rational surface is calculated and matched to the extde@ds to an island evolution equation far assumingJa,y
fior matching parametex’, the logarithmic jump in the vec- =0 and that the island width exceeds the threshold
tor potential across the magnetic surface as constructed in tig@ndition; ~*
exterior region. Specifically, the matching condition is q 1 b

1 o da 0820 _ 2 (A’ps+ ﬂ) )

58 =R dp $ 5% cosma3,. @ dt w

wherew=W/p, is the island width normalized to the local

In the limit that curvature and inertial effects can be ne- . radius,, = uop?l 7, and

glected, the current in the vicinity of the island satisfigs
-VJ,=0. This condition is met by demanding that the cur- 20’ R
. . _ MoPs ds

rent profile be a function of the flux surfacé,=J,(¥) D= —4.6/e —5— —
whereV is given in Eq.(1). s Qs

The description of the inner region solution is completedd ibes the effect of th turbed bootst tand th
by introducing an Ohm'’s law that self-consistently accountﬁ escribes teefec ° IF pe”r_ urbe lit 01? S rafp eurren a(rj] ©
for the island in the local magnetic topology. The flux sur- a;ge as_pec/Rra} '?r’] s:na lco |S|otnaJ|[.y Ict)rrE Qfde tl)s use ted
face averaged parallel current is given by wheree=ps/ I IS e local aspect ratio. 1t should be pointe

out that additional effects due to polarization curréhits

and curvatur® add terms to Eq(9) and finite pressure dif-
fusion properties modify the neoclassical and curvature

here the first term is the inductive electric field which d terms3°~32 However, these terms only play a role at small
where the Tirst term 1S the inductive electric TIeld Which 0€-;q0nq width where they influence the nonlinear island

velops due to the time dependent magnetic island grOWﬂ}hreshold condition. These terms play very little role in de-

Specifically, this is given by termining the evolution properties of the mode above the
1dy, threshold or the saturated island width.
(B=g g (cosma)). (6) Sinceq’ is generally positive for tokamak discharges,
_ the neoclassical term in E¢P) is destabilizing and can cause
The last term in Eq(5) allows for an externally controlled ine formation of magnetic islands even wh&his negative

driven magnetic current. Particular forms fag, will be  ang stabilizing. Whem\’ <0, the islands grow and saturate
considered in the following sections. The second term dext the level

scribes the neoclassical effects which give rise to the per-

(10

1 1
JH(‘I’):;<E\\>+E<B'V'W||e>+<‘]aux>1 5

turbed bootstrap current. It can shown that the form for this Dne
term is given by *+30-32 Wsa= — 77— o (11)
S
He | ap . . . . .
<B.V.7THe>:_V_W ax/ (7)  which corresponds to island widths of typical SiAd/,
e ¥s

=p./€By/M which can be a significant fraction gfs. In
where i, is the electron viscous damping rate angdis the  this work, we will concentrate on the suppression the boot-
electron collision frequency. For sufficiently large magneticstrap current driven magnetic island in the <O limit.
islands®°~*2the pressure profile in the vicinity of the rational However, the treatment given here can be easily extended to
surface is also a perturbed flux functiop=p(¥), which  treat theA’>0 case.
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I1l. LOCAL CURRENT DRIVE STABILIZATION
In this section we include the effect of an auxiliary cur- W
rent drive source in the island region. In order to produce a
stabilizing effect, the additional current source is required to
deliver current in the same direction as the bootstrap current,
provided that the source is localized in phase to the O-point

of the island. Physically, this can be understood by noting

that the origin of the instability mechanism of the neoclassi-

cal MHD tearing mode is the absence of bootstrap current /\/\
inside the island separatrixThe intention of using a local-

ized source is to replace this curréfifollowing the proce-

dure of the previous section, an island evolution equation cah!G: 1. The magnetic island topology x-a space. The characteristic
be derived from Eqs(4) and(5) in the form distances for the island widtlv and current localizatiod; are shown.

dw 1 ' Dnc Daux
O-SZH: T Alpst W w2 Taux| (12 8;/W<1, 7,4, does not vary greatly, but as the localization
width approaches the island widt can be reduced sub-
whereD,, is dimensionless and is given by stantiall@p Paux
| autoR 16 As §; is increased to much larger than the island width,
aux— siip ey (13 the efficiency functiony,, as derived for the step function
sts model drops quickly. In the asymptotic limif;>W, 7.,
s=p0./qs is the magnetic shear, =W?/863 and Eq.(12) takes the form
da dw 1 D pZ
IaUXZZWPJ dp § on (Jaur (14 O.SZEE ;r Al pgt+ %:_Dauxs_% , (18
is the total amount of auxiliary current driven in the island where the last term is independentvof
region, and The stability properties of the neoclassical tearing mode
da can be described by the phase space diagram of the magnetic
f dp fﬁ pye cog Ma){Jau island(see Fig. 3. For the purposes of this plot, it is assumed
= m thatA’'<0, D,,.>0, andD,,>0 so that the bootstrap cur-
Taux d (15) . A . o
f dp 3g da (Jaw) rent term is destabilizing and the added current is stabilizing.
29 Additionally, for the purposes of simplifying the analysis, we

) B N .
is a measure of how efficient the helical current IocalizationWIII assume Wea=Dnc/(—A7)>4,, the saturated island

procedure is. In the ideal limit of &function current source Vidth in theD,,=0 limit is larger than the current localiza-
on the O-point of the magnetic island € 0), 74,,= 1. Note tion width. In Fig. 3, the island width is normalized W,

i i : it d 8/ Wsa=0.1.
the quantity evaluated in Eg&l4) and(15) is the auxiliary ana o3/ Wsar= o
current averaged over the modified flux surface. This aver- As described by Eqg12) and(18) and shown in Fig. 3,

aging denotes the fast equilibration of the current along fielc}here are an odd number of steady solutions to the island

. . : : : : evolution equation. At a sufficiently small enough value of
lines as described in the leading order quasineutrality condi: . . .
9 d y D.ux there is only one steady solution to EG2) given by

tion. Since(J,,y is a flux function,7,,, can be written

J721dQ(J,0¢da cogma)[Q +cogma)]™ 2

M™% 40 (Jae$dal Q+cogma)] Y2 1
(16) Naux

whereQ) = 16¥/W? is a normalized flux surface label where 08
Q=-1 is the island O-point an@ =1 is the separatrix. 0.6

A simple model for the auxiliary current profile is a con-
stant current density located inside a particular flux surface 0.4
Q3, (Jaw~0(Q;—Q). The parametef); can be inter-
preted af) ;= 25§/W2— 1 whereé; is the radial localization 0.2
distance across the O-point region=0) (see Fig. L For
this model of(J,,0, 7auxiS given by s 3 I G 3 +

. 2(2-K)E(K) +(2k*—2)K(k)
Tl s Bl -kl 5
wherek=§;/W, andK(k) and E(k) are complete elliptic w

integrals of the ﬁrSt_and second kind. Figure 2 shows a plotiG. 2. The efficiency functiony,,, given by Eq.(17) is plotted as a func-
for 7. @s a function ofd;/W. It demonstrates that for tion of §;/W. As this ratio becomes smalk,, Stays close to unity.
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aw/dt
J bootstrap

Whixed 13~ 63 ) (23

Jauxiliary
which is the current localization width times the ratio of the
local bootstrap to auxiliary current density.

The novel feature of this class of solutions, as described
by the middle curve of Fig. 3, is that the steady value

L w
\)é ' ’ Wiixed 32 takes on the role of a threshold island width condi-
-1 tion. For an island width that is initially larger than this
value, the island amplitude will grow and saturate at the
-2 “large” value given in Eq.(19). However, for island widths

which are initially smaller thamvgyeq 2, the island evolution
equation indicates an island that will decay down to the

FIG. 3. The effect of the phased auxiliary current drive is demonstrated with small” saturated value described by EQZZ).

a phase space diagram of the magnetic island dynamics as described by Eg. As the auxm?-ry current term increases further, the two
(12). The assumptiot’ <0 is made, where the island width is normalized fixed point solutionSWiyeq 1 and Wyeq 2 approach each
to the saturated valud/s,=wp/(—A’) and §,=0.1W,,. The top curve is  other until they obtain a common value whepy,D ux

the phase space of the island evolutionQ,<438;D,c/psV3. In this limit =D, Weaf4. For

the auxiliary current has very little effect on the island evolution and satu- nciisat =

ration. The middle curve demonstrates typical solutions f65D4,./p<sv3 1 (Dnc)2

<D < DncWsaf4maux- FOr this case there are two stable fixed point solu- NawPawc 7 77 (24)
tions given by Eqs(19) and(22), and one unstable fixed point solution. The 4 (_ A ps)

lowest curve is the phase space evolution Bog,>DWeaf47au IN this  there is only one steady solution to the island evolution equa-
limit, only the small saturated island width solution is a fixed point. . . . . .
tion corresponding to the small saturated island width given
by Eq. (22). Equation(24) is the condition for the elimina-
tion of the large saturated neoclassical tearing mode by aux-
" _ D,. [l \/1_ TaDand — A po) Lléaer)étcrz(r:rtirr]; %r;\;EiSngh?t?;tnom curve of Fig. 3 demonstrates
fixed,J1 (_A’Ps) 2 4 (Dnc)2 ' '

(19 IV. THE EFFECT OF LOCAL HEATING ON
NEOCLASSICAL TEARING MODES

where in the limit 77auxDaux<(Dnc)2/(_A,ps)vwfixedJl . .
~w,,,. In this case, the auxiliary current is very small and The effect of a local heating source on a neoclassical

the island evolution is essentially unaffected in that the Onb}earing rr_lode has been discussgd previo?f*sTy]e essentigl i
fixed point solution is that given by EGL1). A characteristic idea behind using localized heating to affect island physics is

solution of this form is shown as the top curve of the phaséhrough the_hellcal_ly _resorjant temper_ature varlatlor]s nearan
island causing variations in the Ohmic current profile

diagram.
At larger values oD ,,,, two additional fixed point so- e
lutions appear. By using an analytic approximationztg, 01=5 7 Jio> (25
: X 2 Teo
=1-268%/3W?, for W>§;, this transition occurs once the _ )
inequality where J,=E, /7, is created from the externally applied
loop voltage, 7, is the resistivity evaluated af.,, and
4 5 OT. is the temperature variation. As can be shown from ra-
Daux>‘/_§p_ Dne. (200 dial parity considerations, the only contribution from this
S

mechanism comes from temperature perturbations inside the
is satisfied. The steady solution corresponding to the largessland separatrix.

saturated island width is given Byeq 1 Of EQ. (19). This The temperature profile can be sol&tbr by assuming
is a stable fixed point. The value a model diffusion equation
_ Dnc 1 1 aDa —A'ps) VnXLV.Te: =S, | o ' (26)
Wfixed,JZZm 5 Nz~ (Do) where x, is the cross-field diffusivity and is the local

(22) heating source. For the purposes of this study, it is assumed

] . . _ that on the time scales of intereBt will equilibrate along
corresponds to an unstable fixed point solution. Equatiofne perturbed field lines, so thaf,=T.(Q) where Q

(21) is valid provided thatWsyeq 2> 63/ps. The smallest  — 16y /W2 is the normalized flux surface label. It is straight-

steady solution is approximately given by forward to show using this assumption that the temperature
852D profile inside the island separatrixs
Dnc J~nc

Wi = = . 22
fixed J3 (_A/Ps)"’ Dau>p§/85§ Dau>p§ ( ) jﬂ dQ’ é da S(Q,C!)
which is obtained from Eq(18). In this limit, the saturated aTe ﬂz 1 VQ'+codma) @7
island width is of orders;. Specifically, Wgyeq 33 COIre- dQ ’

32
sponds to § da ny, VQ'+cogma)
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where the boundary condition &T./dQ)=0 on the mag-
netic axis of the island. Equatiof27) can be simplified by
assuming a unifornmy, and by using a step function heat-
ing profile S(Q)=S,0(Q.— Q). Using these assumptions,
W2 S,
16 nx,
WS, $VQ+cogma)
16 ny, $JQ+codma)’

dTe

d_Q_ for Q<Qc,

for Q.<Q<1.

(28)

From Eq.(26), the characteristic temperature perturbation

size scales aséT,=W?S,/8ny, for Q.>1 and 6T,
=6yWS/8ny, for Q.<1 wheredy is the radial localiza-
tion of the heating profile defined b =2 83/W?— 1.

To account for the effect of the local heating on the

neoclassical MHD tearing mode, the same procedure as the

previous two sections is used. Using E(&5) and (28) in
Eq. (4), an island evolution equation is derived. First, for the
case of heating throughout the island regiGn>1, the evo-
lution equation has the form

dw 1 , ne
0.82- = - A'pst ~ "~ WDhea, (29
where
_1_6 % R/-Lo‘]\lo Sopg (30)
heat_sﬂ_ qé lﬁé nTeXJ_

is dimensionless. There is only one fixed point solution of

Eq. (29) for A’ <0 andDye,>0. The saturated island width
is given by

W = 2 (31)
T N g 1+ IEY |
where
DheaDnc
Y=4 21 32
(—A Ps)z 32

V. DISCUSSION

Of the methods discussed in this work, the most effec-
tive means of suppressing neoclassical MHD tearing modes
is by using a localized current drive source. The driven cur-
rent should be directed in the same direction as the equilib-
rium bootstrap current and is most effective if the current is
localized to the O-point of the island and has a radial local-
ization width smaller than the characteristic island size. In
this limit, it is possible to suppress the existence of a large
stable steady state value of a saturated magnetic island. This
criterion is given in Eq(24). This condition can be rewritten

aux Eﬁ% ( )2

o, Mauw=0.08
where |,,,=27pBy(ps) is the total amount of equilibrium
toroidal current flowing inside the rational surfack,
p/(dp/dp) is the equilibrium length scale of the pressure
gradient,,Bgzz,LLop/Bf, is the local poloidal beta and the
approximationA’ ps=—2m is used wheren is the poloidal
mode number. The efficiency factor is assumed to be of or-
der unity and is given by Eq17) for the step function model
for the auxiliary current drive source. Far=1/4, m=2,
Be=1,s=1, andp/L,=1, Eq.(35) leads to the requirement

| aux?aux! 1 tor=0.01.

If this criterion is met, the island will not grow to the
large saturated island width value given by E#9), but
instead grow to an island width comparable to the radial
localization size of the auxiliary current. This small saturated
island width is given by Eq(22).

Even if complete stabilization of the large saturated is-
land width cannot be achieved, the phased auxiliary current
will still have a beneficial effect. As pointed out in the
middle curve of Fig. 3, a nonlinear island width threshold is
created if the added current is below the stabilization thresh-
old. As mentioned previously, there are other mechanisms
that have been invoked to explain a nonlinear magnetic is-
land width threshold which are not included in this
work 30-323435g0 at the very least, the added current drive
can raise the threshold level.

Additionally, it has been pointed out that phasing the

p

L, (35

is a measure of the effect of the localized heating. In thicurrent source relative to the island width phase is not re-
limit, the local heating can reduce the saturated island widthduired to obtain a stabilizing effe€t.However, not phasing
but cannot completely eliminate the neoclassical tearinghe current does reduce the efficiency as measureg,by

mode.

In the limit that the heating width is smaller than the
island with Q.<1, the island evolution equation has the
form

dw

0.82 at (33

H
=" |A'p+2°D "
7 Ps W healCo 0. )’

whereC, is a constant of order unity and a weak function of

An exterior current source that is applied uniformly dn
does introduce some phase localization do to the rapid equili-
bration of the current along the perturbed field lines. Math-
ematically, this is represented by the flux surface averaging
procedure in the definition of the efficiency, Ed5). For the
case of an externally applied unphased sourgg,=0.37
for 8;<W.%®

The effect of local heating on the neoclassical tearing
mode has also been calculated. This effect introduces plasma

S lw.* The additional heating cannot prevent the modecurrents in the island region through the self-consistent de-
from growing. However, it does lower the saturated islandformations of the Ohmic current profile. If the temperature

width. In this limit, the saturated island width is

0
W _ Dpc
satit —A'pst DhealCodh/ps’

(34)
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profile peaks on the magnetic axis of the island relative to the
separatrix, the currents are stabilizing. While this mechanism
is not predicted to eliminate saturated steady solutions of
neoclassical MHD tearing modes, local heating can reduce
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limit. In the case of uniform heating in the island region, the

effect of the heating is quantified by the fac¥described in

Eq. (32) and rewritten here,

:E \/Eﬁ‘9 Pz (S'X 1 )inside
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