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Seed magnetic island formation due to a dynamically growing external source in toroidal
confinement devices is modeled as an initial value, forced reconnection problem. For an external
source whose amplitude grows on a time scale quickly compared to the Sweet—Parker time of
resistive magnetohydrodynamics, the induced reconnection is characterized by a current sheet and
a reconnected flux amplitude that lags in time the source amplitude. This suggests that neoclassical
tearing modes, whose excitation requires a seed magnetic island, are more difficult to cause in high
Lundquist number plasmas. ®999 American Institute of Physids$1070-664X99)01901-1

I. INTRODUCTION rotation profile and disruption§-3Theoretical models have
been developed to describe this phenomenon by accounting
A novel theoretical feature of neoclassical tearing modegor the interaction of a resonant field error with a rotating
in toroidal configurations is that a nonlinear excitation levelresonant magnetic surfat&:1® These works differ in their
is required for the destabilizing neoclassical effects to bareatment of the field error evolution. In Ref. 14, the field
activated. The source for the instability mechanism is the error is taken to be static and a steady-state reconnection
deformation of the perturbed bootstrap current profile in theesponse to that error is calculated. No temporal response is
vicinity of a sufficiently large “seed” magnetic island. The quantified. The approach of Ref. 14 differs from the work of
perturbed profile self-consistently enhances the seed islanghattacharjee and co-worké?s® who treat the “Taylor
producing magnetic perturbation, and ultimately produces @roblem” 1”8 whereby a field error is impulsively turned on
large macroscopic, sized magnetic island in high-temperaturgnd the temporal evolution of the reconnected magnetic flux
plasma, which can significantly limit plasma performafi€e. s calculated. A notable feature of this evolution is the pres-
A possible source for the seed island formation is theence of a “nonconstant®’ phase where current sheets are
presence of a magnetic signal produced from another magormed. In this way, the temporal evolution of a forced re-
netohydrodynami¢MHD) event, such as a sawtooth crash or connection more closely resembles the evolution properties
an edge localized modé€ELM).8° For example, associated of m=1 modes in tokamaks where the constgrassump-
with a sawtooth crash is a magnetic signal with poloidal andijgn is invalig122°
toroidal mode numbemni=n=2. In combination with toroi- Since the Seed_producing magnetic perturbation is imag_
dal geometry, this producesra=3, n=2 magnetic signal jned to be produced from a temporally growing source, the
that can, in principle, cause magnetic reconnection agthe theoretical treatment given here closely resembles the ana-
=3 surface. Experimental examination of the amplitude Oflytic model used to describe the Taylor problé¥'® An
the forced reconnection indicates a strong variation with thgnitial value problem is considered where we impose a par-
Lundquist numbe& Specifically, the empirical observations ticular time scale for the seed producing magnetic perturba-
of Ref. 8 report that the size of the seed island caused by fion. If the imposed time scale is short enough, the reconnec-
sawtooth crash scales a8S™*, wherep* is the normalized  tion process is described by a nonconstarghase with a
ion gyroradius. The role of this paper is to calculate the timeyrrent sheet present at the rational surface. In this phase, the
dynamics of the forced reconnection at the driven resonancgsponse at the rational surface causes the reconnected flux
from a given source magnetic signal and to try to provide g |ag in time the reconnected flux expected from simple
possible explanation for th& scaling of the seed island geometric considerations with no layer physics response.
width. _ _ . _ In the following section, we briefly introduce a simpli-
The seed island formation as described above is an €Xjeq model to describe the interaction between an unstable
a_\mp_le of a forced reconnection. Forced_magnetlc reconnegsmporally growing magnetic perturbation and a tearing
tion is a subject of concern in magnetotail, coronal, and labogiaple magnetic perturbation that are coupled via geometric
ratory plasmas. In tokamaks, resonant magnetic field ermorsynsiderations. In Sec. Iil, we treat the linear evolution phase
can produce localized current sheets and magnetic islands the reconnection as an initial value problem. In Sec. IV,
that can subsequently lead to dramatic changes in the bullge consider the nonlinear evolution properties for a suffi-

ciently large source magnetic perturbation amplitude. In Sec.
dElectronic mail: hegna@cptc.wisc.edu V, we include the effects of differential rotation in the non-
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linear regime. Finally, we discuss some implications in Secmode numbersm and m=*=1 in a large aspect ratio
VI. ordering?>#?The formalism introduced in Eq2) is identical
to their treatment.

Il. BASIC MODEL The general solution t) for ¢,(p) is given by

We treat the problem of reconnection with asymptoticlr,l (p)=Tf-(p)+ga(p)F¥ (i)a for p<
boundary layer analysis. The reconnection and concomitant ™ P miP mip s TG p=Ppo
magnetic island formation are assumed to occur in a local- t\@
ized region of space encompassing the rational magnetic sur- :\pf;(p)Jrg;(p)qu( —) for p>po, 3)
face. We calculate the details of the plasma response in this G
layer in the following sections. In the outer exterior regionwhere the dimensionless functiofig andf ., satisfy the ho-
solution, the magnetic signals are governed by the ideahogeneous equation ,f,,=0 with boundary conditions
MHD equations at marginal stability conditions. f(po)=Tfr(po)=1,f,(0)=0 andf | (a)=0 wherep=a is

The MHD equilibrium is characterized by magnetic sur-the |ocation of a perfectly conducting wall. The functians
faces labeled by the “radial” variable. The poloidal and gpg g, satisfy Eq.(2) with boundary conditionsy,,(0)
toroidal angles are denotegland ¢, respectively. For sim- =0m(po) =0, (po) =0, (a)=0. The value¥ represents the
plicity, a large aspect ratio tokamak ordering is used. Thesmount of reconnected magnetic flux at the rational surface
magnetic per'[urbations are written in the forﬁB=V§ q= m/n. The terms proportiona' toI}S represent the re-
XV, whered is the magnetic flux function, which can be sponse ofy, to the imposed source magnetic perturbation.
decomposed into Fourier harmonics of the poloidal and tor-  pye to the nature of the ideal MHD equations as the
oidal angles. rational surface is approached, the exterior region solutions

In this work, we are interested in the reconnection pro-exhibit singular behavior at the rational surface. Namely, the
cesses occurring at a rational surface caused to grow from gfeneral solution has a jump discontinuity in the perturbed
temporally growing external source. The external sourcenagnetic flux across the rational surface. For simplicity, a
models the existence of some other MHD event characteismal| g ordering (8=2up/B2<1) is used in the exterior
ized by a growing magnetic perturbation. While general temyegion, however, the results can be easily generalized to the

poral growth is allowed for in some places, for specificity in finite-g case. This discontinuity is quantified by the param-
the linear section, the external source magnetic signal igterA’ of tearing mode theor§? where
modeled to grow from timé=0 with the form

: 1 dipy|e
t\“ A'=lim ———— —— , (4)
¢S(t):qrs — , (1) e=0 wm(PO) dr po—€
TG 0
where ¥ is the amplitude of the magnetic flux function Using Eq.(3), A" can be written as the sum of two terms
associated with the magnetic signa}; is the characteristic be(t)
growth time of the signal, and is some positive constant. A'=AlogeT AL T (5)
Further, we assume thals is described by a dominant he-
licity of the form 5= s(p)e'™?~ "¢ whereM andn are the  where the first term is given by
poloidal and toroidal mode numbers. In a toroidal equilib- . di-
rium, g is coupled via the geometry of the configuration to Ar,node:d_;n (po)— d_;n (po), 6)

magnetic harmonics with common toroidal mode number of
the form = ¥ (p)e™?~""¢. We will be interested in a

magnetic harmonic, which has a rational surface in th
plasma ap = py where the equilibrium safety factor satisfies

which represents the tearing mode stability parameter of the
&mode at the rational surfaag=m/n in the absence of the
external source perturbation. In this work, we assume that

d(po)=m/n. : : )
. . . the is tearing stable <0) and that the source for
The response of the magnetic fluctuation harmonic Vm 9 Amoge=0)

. . Mmagnetic reconnection is due to the forcing term given b
Um(p) to g away from the rational surface is governed bytheglast term in Eq(5) with 9 9 y
the ideal MHD equations at marginal stability. That part of

the exterior equations resonant with the mode numbers , dgm Om
andn yields an ordinary differential equation faf,,(p) of Ac=—4r (PO)— 5 (Po)- %
the form
m The physical interpretation of A’ is that it is propor-
Ampm(p)=—As¥s(p), 2 tional to the value of the current sheel),= 8J- ¢,
whereA , is the cylindrical exterior kink operator, which has =V *¥m/uo at the rational surface
second—o_rder derlvalH\_/es imand is smgulgr _at the rational 83 410=8(p—po)A' W
surfacep=pg, andAg is an operator describing the geomet-
ric coupling betweenys and ¢,,. The operators\ ,, andA =8(p—po)[Afmoa¥ +Alpg(1)]
are plasma profile and geometry dependent. Connor and co-
workers have described explicit forms for these operators for =—5(p—po) 2_m [W—E()], (8)
the case of toroidicity coupling magnetic harmonics with Po
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where the last form is obtained using the approximationwhere 5/ u, is the resistive diffusivitypy, is the mass den-
mode= — 2mM/ pg and defininge(t) = y5(t) (poA/2m). Even  sity andB=B,+ 5B. .

in the absence of any magnetic reconnectidn=0), the Linearizing Eqgs.(13) and (14) using = y(x)e™, ¢

source term still causes the formation of a singular current= ¢(x)e™", and the small layer width assumptiafl 9x

sheet at the rational surface. The introduction of plasma res>m/p,, gives the equations

sistivity in the layer region will then allow the current sheet o a2y

to relax and lead to a forced magnetic reconnection. —=ix"@' + % =, (15)
In the inner region solution, the singular current is re- at dx

solved_ by including r_10nidea| _MHD effects_. Asy_mpto_tic g d2p'  d?y

matching between the inner region and exterior region yields U ax? ix’ 2 (16)

predictions for the evolution properties of the mode evolu-

tion. This is explicitly calculated by the matching condition where the normalizationg’=t/7,, x'=mx/py and ¢’

. =p(pumo)¥?> are used in  which 7m,=L/v,
dxpodime¥), (@  =RL(pmpo)"¥B; and 7= (7 o) (MLs/vapj).

2m
A"l’=——[‘P—E(t)]=f . o ol
Po We will be considering an initial value problem where at

where wodinner=V2¥imer is the resolved inner region solu-

timet=0 the exterior source grows as defined in Eg.and
tion resonant with the magnetic perturbation, describing th

éhere is no reconnection &t=0 consistent with the assumed
current profile near the rational surface on the inner strainebﬂherent tearing stable properties of the mode. It is conve-
variablex=p—pq.

nient to Fourier and Laplace transform the layer equations

If there is no response at the rational surfatg,.~=0, using
the reconnection is predicted to proceed by the relation - (L ot ik’ ot 4
=E(t), which states that the reconnected flux grows directly ~ #(P.K)= fo dt fﬁw dx'e P e™ g(x' 1), (179
with the source perturbation with a proportionality constant
polA/2m, which is solely a function of the equilibrium and [t dk o~
geometric properties. However, as is demonstrated in the fol- px =2 . 2 e (p.k), (17b

lowing sections, the layer response is important in describing . ) ]
the reconnection process and, in general, the simple geometeére ™~ is the inverse Laplace transform and appropriate
ric argument;¥’ = E(t) is not valid. boundary conditions are imposed. Equati@t§) and (16)

can be combined to yield a linear eigenmode equation for the
transformed current density= — k2

Ill. LINEAR THEORY ) d 1dJ oAl
=(p“+pnyk?)d, (18

— ==
In this work, the lowg reduced resistive MHD equa- dk k* dk

tions are used for simplicity. The equilibrium magnetic field which has a solution in terms of Whittaker functions
is approximately described in the vicinity of the rational sur-

face p=po by the form J(k,p)=Jok "W, 54(2), (19
2 where\ =p%%452 z=k?Jpy andJ, is a constant.
Bong( VI+V XV L—), (10 The evolution of the reconnected flai(t) is governed
S

by Ohm'’s law atx=0

whereB, is a constantx=p—p,, andL is the magnetic v 7 .

shear length, which in the high aspect ratio tokamak ordering — = — J(x=0)= f dkz 13, (20)
is Ls=0q2R/q4po, Where the major radiug, safety factorg, gt ko 2mpo J -

and its derivativey are all evaluated at the rational surface. Laplace transforming the matching condition, E8) gives

The helically resonant angle is writter= 6— {/qq. The per- an equation for’. the Laplace transform oF (t
turbed magnetic and velocity fields are described using the q ' P ®

potentialsys and ¢, respectively, with I'(l+a) . pmr - I(k=0,p)
o——— = v —, (21
SB=V{XViy, (12) Tapett m* k]
ov=V{XVe, (12 whereE(t)=E,(t/7g)* characterizes the temporal evolution

which guarantees/ - sB=0 and incompressibility,V - 8v of the source and,=pé,u0/77 is the resistive diffusion time.

=0. The governing equations are Ohm’s law and quasineu- ©ON€ can now evaluate the time dynamics of the recon-
trality given by nected flux by evaluating E@21) using Eq.(19) and invert-

ing the transforms. Different asymptotic regimes in time ap-
2/3_1/3_

- 7, pear. At early times<72°r= 7,53, whereS=r, /1, is
ot BVet o vy, 13 an effective Lundquist number here, E81) gives

) , , , TTaTy JoE r'il+ a)_\i’ 22
PMMO E#—V-V Vep=B-V(V-y), (14 P"5mz O—Tgpa+l .
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In this limit, resistivity plays no role in establishing the char-

acteristic time and length scales of the layer; 1. However,

resistivity is clearly needed for magnetic reconnection to

proceed. In this limit the last term in E@22) can be ne-
glected and the reconnection flux grows in time with

t2+a 2

E 2m
0 Tgri m(a+1)(a+2)

P(t)=

t2 2m?

~ 2 BV e ety

(23
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and
1/2
, o TaTr K1
A'S = 7 m (30

wherek, andk; are positive functions ofr. Equation(30)
indicates that the mode makes a transition from a
nonconstaniy phase A’'S =1) to a constanty phase
(A’ 8,<1) on time scales long compared tgS'°.

If the characteristic time of interest is longer thafkg,
the first term in Eq.(9) is no longer negligible and the re-
connection rate¥ (t)=E(t) is obtained. In this limit the

where 7= 7,7, is the Sweet—Parker time scale. We notesource growth is slow enough that the perturbed current in
that the Taylor problem result as originally formulated canthe layer has had sufficient time to relax and the mode grows

be obtained from Eg.(23) by taking =0 with

E(t)=E,.1"'8 The important thing to be learned from Eq.

(23) is that on this time scalet€ 7,59, the reconnected
flux amplitude lag€(t), ¥ <E(t). From the layer equation,

on the slow time scale of the geometrically coupled mode.
However, all the assertions made in this section concern-

ing mode evolution time scales and responses are based upon

the use of linear theory. As a matter of practical importance,

the characteristic linear layer width in this phase can be dethis phase may have very little to do with the actual mode

duced from the scaling, =AB, /J(0)

atl 7,
5= pom —= 2,

— (24

whereAB, is the jump in the perpendicular magnetic fiel
across the layer. Further the quantity

775 T (a+1)%(a+2)
o — >1, (25

Ao =

is large denoting that there is rapid variation#x) in the
layer. Equation(25) shows that the linear mode growth ini-

dynamics, since nonlinear effects are known to significantly
modify tearing mode growth at very small fluctuation level
(essentially, the nonlinearities come into play when the is-
land width is comparable to the linear layer widthgVe

d address this issue in the following section.

IV. NONLINEAR RESPONSE

As shown by Wang and Bhattacharjee, for a sufficiently
large forced reconnection amplitude, a nonlinear phase fol-
lows linear growth that is characterized by current sh&ets.

tially ensues in a nonconstaiptphase, as has been shown |n this regime, a variant of Sweet—Parker reconnection

17,18

previously,"*° which differs from standard linear tearing

mode theonyf? In this phase, a singular current of amplitude

J(0)=(t/7,) E(t)[2m?/ mp3(a+1)] grows in the layer.

theory is used to describe the mode evolufidff2°
Nonlinear effects become important when the linear and
nonlinear parts of the last term in E(L4) become compa-

On longer time scales, resistive effects enter into theable. Crudely, this is the case when the perturbation ampli-

layer physics. On time scales in the range,S'3<t
<7,5%® the dominant terms in Eq21) are given by

“ I'l+a)
(pTerR) ¥ = Eq W (26)
where
B 7_?/57_3/5 F(3/4) 4/5 )
TEKR™ me 7TF(1/4) ) (27

is the characteristic growth time of the linear tearing mttle.
Inverting Eg. (26) gives the linear growth phase in this
asymptotic range

terS  T(a+1)

roerTe 0 T'(a+5/4)
[(a+1)

t 5/4
(TFKR> B Flarsi)

For time scales short ofgg, W(t) still lags E(t). The
linear layer width is given by

W(t)

(28)

1/2
_Po Ta

oH=— k 2
LMWO (29

tude ¥ is of the same order a&ZBglLS whereédis the typical
scale length of the layer. Using=V + E&(2m/p,) yields
the onset condition in the nonconstaptegime as MmE/®
=(8/po), whered®=Bp3/L. Using the linear layer esti-
mate forés from Eq.(24), this gives the condition for onset of
nonlinear effects as AE/®=r,/t which is of the order
S 3in the nonconstang:regime. On longer time scales, the
condition for nonlinear onset becomes less stringent. For
present day high-temperature tokamak experiments ®ith
=10%-1C, the nonlinear regime is of interest.

In this nonlinear regime, assumimgdx=>m/p,, recon-
nection occurs at the approximate rate

P m PPy m RAB,

gt po X* T po O

(31)

where = i, is the separatrix where- V=0, AB, is the
jump in the perpendicular magnetic field across the rational
surface, andy, is the current layer width in this regime.
Using the properties of mass conservation and momentum
balance, one obtains a condition for the plasma flow into the
reconnection regiom

_ OnL
Ux=—"— Uy,

(32
Po
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wherev,=AB, /\puuo is the Alfven velocity associated '
with the reconnected flux. Outside the layer, the plasma is

ideal, which gives 0.8}
J
%EUXABL. 33 el

=
Equations(31)—(33) can be combined to produce a relation .,
for the nonlinear layer width, given by

7Po o7
Oni = . 34
NL= Py (34)

Using Eg.(34) in Eg. (31) and AB, =2mE(t)/Rpy, one

t

obtains
FIG. 1. The electromagnetic torqugormalized to its peak valud
t o 1 [2m E(t’)]3/2 =Tewm;/T.), as a function of timénormalized byw/C,) for fixed differ-
()= j dt T T (39 ential rotation frequency. At large time,wt\/C;> 1, the torque obtains its
0 sp largest valueT gy, = T..= (075,) ~(8nm?/R)(2mE) b~ 2

One can modify the MHD model by including a cross-
field viscosity in the momentum balance equation of the

2 i i
form vpyV-v. This effect slows down the reconnection t [2mE(t)]32

rate’® In the presence of viscosity, the reconnection time ()= — (1—iwtCot---}
scale is replaced by g Tsp Jo 1+3al2 °
4 (40)
U WUo .
Tspw = Tsp 1+7 (36)  where Eq.(1) is used andCy=(1+3a/2)/(2+3al/2). In

this wt<1 regime, the reconnection ensues as in the previ-
As in the linear case, on time scales smaller than th@us section and rotation effects enter at higher order. How-
Sweet—Parker time, the reconnected flux lags beHi(t).  ever, in the asymptotic regimet>1, Eq.(39) gives

In this regime, there is a significant plasma response in the eiet [2mE(1)]3?2 1
layer. On longer time scales, the highly singular current layer — y,(t) = [ O(_t) , 41
response decays and the nonlinear evolution is determined 1&Tsp Vo @

by a modified Rutherford reginfé.This regime describes an hich shows a reduction in the reconnected flux from that
evolution equation for the nonlinear island widthv  given by Eq.(35) by the small factor kbt. In this limit, the

=4JVLs/Br differential rotation has prevented significant reconnection.
dw 7 7 2m[E(t) The presence of an imaginary response in the mode evo-
—=122—A'=1.22—— | ——1]|, (37) lution equation indicates a phase slippage between the cur-
dt Ko Mo po | V¥ rent sheet and the reconnected flux. This produces a net elec-

which again predicta? = E(t) in “saturation.” tromagnetic force at the rational surface through the

nonlinearJx B force. Following Fitzpatrick? we can define
the electromagnetic torque in the toroidal direction

V. EFFECT OF DIFFERENTIAL ROTATION ~
TEW:f pdpf daf d¢{R?;-JXB
If the magnetic surface where the forced reconnection
occurs is rotating relative to the magnetic signal, the induced
island width is reduced*'® Differential rotation can be mod-

eled by modifying the source temporal evolution. In this S€Cwhere the radial integration encompasses a small region near
tion, a source term of the form 9 P 9

the rational surface. Using = ¢, , an approximate expres-

=8w2m(i\PE*—iE‘lf*) (42)
R :

LR sion for Eq.(42) can be obtained that describes the two
E()=Eo T_G e (39 asymptotic limits of Eqs(40) and(41), which is given by
5/2 2
is used wherev is the relative rotation rate. L NE2ZMED]PT 1 Ciot 43

Tem=87" = — ,
In the nonlinear regime, the induced current sheet at the EMe R N Tsp (1+ Cy0t%)

rational surface rotates relative to the rational surface. A N
modified Sweet—Parker analysis gives the relafion where C,=(Cot+1)/(1+3/2). As shown in Fig. 1, for a
given rotation frequency, the electromagnetic torque grows

ap, et [2mE(t)]%? in time and saturates in thet>1 asymptotic limit. The
T ?p T (39 large time limit is equivalent to that given in Ref. 16. In Fig.
2, a plot of electromagnetic torque as a functiorwa$ given
For wt<1, Eq.(39) gives for a fixed time. The electromagnetic torque goes to zero in
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05 ' Quantitative estimates for the amplitude of the recon-
nected flux in the experimentally relevant nonlinear regime
0.ap 1 are given in Eq(35). For a given value of a source magnetic
perturbation, the induced mode amplitude scales as the ratio
0.3 of the characteristic growth time divided by the Sweet—
) Parker time. If the characteristic time scale of the source is
0.2 independent of resistivityas in an ideal MHD modge Eq.
(35) predicts that the induced amplitude decreases with Lun-
0.1 dquist numbery,~S~ Y2 If the cross-field viscosity is in-
: cluded,[see Eq(36)], andv> 7/ uq, which is generally true
. in high-temperature tokamaks, the scaling is modified to be
o Y ~RY4S734 where R/S=vuq/ 7. This scaling indicates
that for a given source amplitude, it becomes increasingly

difficult to initiate a seed magnetic island with increasin
X (8nm2\/C,/R) (2mE)*2D ~ 2] as a function of frequencgnormalized to g 9

t\/C_l) for a particular value of time. In this plot, the torque obtains its peak LunquISt nu_mber‘ . .
value atwt\C,=1 and goes to zero in the asymptotic limits=0 and Differential rotation also has the effect of reducing the

w=0, forced reconnection amplitude. From Ed.l), valid when
ot>1, the reconnected flux scales as{, for a given
source amplitude. For rotation rates independent of resistiv-

the two extreme limits ofw=0 and wrs,=. The peak ity, the same scaling laws oF with S are obtained as de-

torque as a function of frequency is given by the conditionSCriPed in the previous paragraph. _
wt\C,=1. While the prediction that the seed island amplitude de-
As has been shown in Refs. 14 and 16. a model for mog&reases withS is in qualitative agreement with the experi-
locking can be constructed by balancing the plasma inertignem":lI ﬁbservatlorf%,a quantitative ldsc(;e;;ancy .St'lll re-
and viscous torques against the electromagnetic torques ans. However, open experimental an .t. eorech ISSUes
Eq. (43). In the wt>1, this procedure yields the results of are present that require further study. Initial experimental
Ref. 16 where the nonconstantSweet—Parker theory was studies indicated a seed island width that scalep*s *.
used. If the characteristic time scale of the source is sIoweTh_IS scaling is ess.e'n.ually empirical and more data_m IS Te-
than the Sweet—Parker rate. reconnection occurs on tHauired to make definitive statements on tscaling. Since

slower Rutherford scale and the effect of differential rotationt '€ island width needs to exceed the lon banana W'dt.h for
can be calculated using the constantheory of Ref. 14. mode growth to ensugthere may be a bias toward having
the p* scaling. There is no obvious reason that the ion gy-

roradius need enter into the seed island formation process.
VI. DISCUSSION Further studies of the experimental data s.uggests a weaker

dependence o8 than reported in Ref. 8. This result will be

A commonly used assertion concerning the initiation ofreported elsewhere. In addition to the experimental issues,

neoclassical MHD tearing instabilities is that some otherthere are also open theoretical questions. In particular, there
MHD event produces a small seed island that allows thenay be an additiongb scaling in the source amplitud®,,
destabilizing neoclassical effects to produce macroscopiowhich depends upon the nonlinear physics associated with
sized magnetic islands. The results of the calculation prethe appearance of the source magnetic perturbation. In order
sented here is that simple geometric arguments for calculate completely predict the entire behavior of the coupled seed
ing the seed island amplitude are not generally correct if thésland problem, one would need to have a more accurate
time dynamics of the forced reconnection process are prosawtooth or ELM model to predict th#. The conclusions
erly accounted for. If the magnetic signal responsible for theof the present work are based solely upon predicting the
seed island formation grows and decays on a time scale shartlationship between a seed island to a given magnetic
compared to the Sweet—Parker time, no appreciable forcesburce.
reconnection occurs. Two commonly observed MHD events A key theoretical aspect of the calculation was the ne-
in tokamaks where these time scale arguments are applicabtessity of accounting for the current sheet in the reconnec-
are sawteeth and ELMs. Present day observations of sawion layer. For sufficiently fast time scales, reconnection oc-
teeth in tokamaks indicate that the crash times are quickezurs in a nonconstant-phase. As noted previously, in this
than the Sweet—Parker time scale. The magnetic signal assaay the forced reconnection problem resembles the growth
ciated with ELMs tends to be on the ideal MHD time scale,of m=1 modes in tokamak?. It is generally recognized that
which is also much quicker than the characteristic forcedesistive MHD does not accurately describe the fast crash
reconnection time. Conversely, resistive tearing modes growimes of sawteeth and that collisionless effects need to
on much slower time scalé8.Consequently, appreciable considered®?°Since the physics of the forced reconnection
forced reconnection can be caused by slowing growing tearmand them=1 mode is similar, collisionless effects may also
ing instabilities. The theory for this case, where thebe necessary to accurately predict the seed island formation
constanty assumption is valid, has been worked in detail inin the problem presented here. We leave this open for future
Ref. 27. work.

FIG. 2. The electromagnetic torqyeormalized to the valud,=(t/s)
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