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Abstract

The evolution of the magnetic island which isinduced by the resonant deformation by
external currentsin helical systems (such asLHD) isanalyzed. The defect of the
bootstrap current, caused by the magnetic island, has a parity which reduces the size of
the magnetic idand, if the bootstrap current enhances the vacuum rotational transform.
The width of the externally-driven magnetic island can be suppressed to the level of ion
bananawidth if the pressure gradient exceeds athreshold value. Thisidand annihilation
isself-sustained. That is, the annihilation continues, for fixed beta-value, until the
external drive for idand generation exceeds athreshold. Effects of the reversal of the
direction of the bootstrap current and of the sign of radial electric field areaso
investigated. The possibility of the neoclassical tearing mode in the LHD-like plasmais
discussed.

keywords. magnetic island, helical plasmas, bootstrap current, annihilation of islands,
external excitation, neoclassical tearing mode, radia electric field



|. Introduction

The problem of abrupt transitions has attracted attentions in the research of the
magnetic confinement of plasma[1]. Examplesinclude the change of confinement modes
(e.g., theimproved confinement modes), the topological change of magnetic structure,
the change of radiation loss patterns, and others. One of the characteristic examples of
the transition appears as a magnetohydrodynamic (MHD) instability named tearing mode
[2,3]. Anaysiswas made for acase of externally-driven magnetic island [4, 5]. A
nonlinear instability was found, which is called the neoclassical tearing mode (NTM) [6-
9]. Thisisasubcritically excited tearing mode under the influence of the pressure
gradient. It has been shown that the subcritical NTM istriggered by the stochastic
turbulence noise [10, 11]. Another phenomenon, which is also attributed to the onset of
subcritical excitation of the magnetic island, isthe SNAKE event [12, 13]. Inthiscase, a
dense plasmais sustained, after the pellet injection, in alocalized helical tube on low-
order rational surfaces.

The magnetic idand formation in toroidal helical plasmas has also been subject to
intensive studies. The classical problem is the destruction of magnetic surface at the
rational surfaces[14]. Theinfluence of the vertical field and Pfirsch-Schltter current on
the island formation has been discussed. (For instance, [15, 16].) Theisland size can
depend on the plasma pressure. Recently, experimentson LHD [17] have been
performed, where global magnetic islands are induced by the external helical resonant
current [18-20]. Under certain conditions, the externally-induced island is annihilated.
The annihilation process was found to be persistent, in a certain finite range of variance of
external control parameters. This observation is not explained by the effect of the vertical
field or Pfirsch-Schitter current, and suggests that there is a self-sustaining process that
keepsidland annihilation.

In this article, theory of the neoclassical tearing mode is extended to the case of the
LHD-like plasmas, where the external resonant current exists and the magnetic idand is
induced. It isshown that the island width is suppressed to the level of the ion banana
width, if the plasma beta value exceeds a threshold value. The idand width does not
grow, in the finite-beta plasmas in LHD-like systems, until the magnitude of external
drive exceeds the threshold value. A test of thistheoretical model isalso proposed. The
direction of the bootstrap current can be reversed in helical systems[21]. In such cases,
the plasma pressure gradient makes the island width larger. The neoclassical tearing
mode possibly occurs even in the absence of the external drive of island. The influence
of theradial electric field isalso investigated. Thisgivesanew insight for the evolution
of magnetic idandsin toroida plasmas.

1. Model
An evolution of the magnetic idand in the presence of bootstrap current has been
discussed in the theory of neoclassical tearing mode. Asthefirst step of studying island
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annihilation in helical plasmas, we choose asmple model in a deterministic picture
neglecting the stochastic noise by background turbulence. We do not consider the three-
dimensional dependence of the perturbation. The influences of the helical magnetic field
are represented in the average magnetic surface quantities, such as the pressure gradient,
rotational transform, magnetic shear, bootstrap current density. These quantities are
treated as magnetic-surface quantities, and considered here as given parameters. By this
simplification, the meso-scale islands, which might be induced by the combination of the
excited globa magnetic isand and helical asymmetry, are not considered here. Only the
single global idand (excited externally) in the average magnetic structure is analyzed here.

In the 'Rutherford regime’ of theisland evolution, which is relevant to cases that
theidand is large enough to be observed experimentally, the equation that describes the
evolution of the resonant magnetic iSand is given as

9 _
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where A= A. q?R/Brdq’ isthe normalized amplitude of the (m, n) -Fourier component
of helical vector potentia perturbation A« at the mode rational surface, r =T, 1 isthe
inverse of resistive diffusion timen =7 ugirs 2rap =Ry , wheren, standsfor a
paralld resistivity, and Ry, isthe Lundquist number (magnetic Reynolds number), and
— AA isthe(m, n) -Fourier component of helical current on the rational surfacer =T .
(See, eg., [22, 23] for explanation of mechanisms.) Here, thetimeis normalized to
poloidal Alfven transit time, T, = qR/V, (V4 : Alfven velocity) and thelengthto s .

An explicit form of the growth rate is given, within the neoclassical transport
theory, by
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where thefirst, second and third terms of RHS stand for the effects of current density
gradient (including the effects of the externa current that generates resonant magnetic
island), the bootstrap current, and the ion polarization current, respectively.

Thefirst term in the RHS of Eq.(2) stands for the effect of the external resonant
current.  An induction of the magnetic idand by the externa coil has been analyzed in
literature. According to [5], we write
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where the coefficients A’ g represents the stabilizing influence in the absence of the
external current, and 0 is the width of externally-driven magnetic isand in a stationary
state. (We study here the case that the linear tearing mode is stable, A'g <0 . Theisland
width 6 isnot normalized, in order to explicitly show the parameter dependence.) The

second and third termsin the RHS of Eq.(2) represent the effects by the bootstrap current

and ion polarization current, respectively. (See[11] and referencestherein for details.)
The coefficient s indicates the plasma betavalue
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ays indicates the ratio between the bootstrap current and poloidal bate value such as
Jps=uglel2a,p pLE,pr , and apc denotes the sign of the effect of ion polarization

current, apc = oo(w — W« pi)w*‘ & where o isthe frequency of the isand deformation

which is observed on the frame which is moving with the E x B drift velocity [24]. We
do not calculate the coefficient @, inthisarticle, but treat a5 asagiven parameter.
Influences of helical geometry areincluded in this coefficient, and its explicit calculation
isleft to literature [25]. Other important parameters are: Py, isthe bananawidth, L and
L, arethegradient scale lengths of safety factor and pressure, respectively. Inthe
following, we take W; = pgrs? noting the fact that the turbulent transport coefficient is

reduced in the magnetic isand of LHD [26]. The ion-polarization current is chosen as
stabilizing in Eq.(2). Thispoint isdiscussed in 84.

[11. Externally induced magnetic island
A. Finite-beta effect

From Eq.(2), one sees the effect of the bootstrap current (and the ion polarization
drift effect) on the growth of the magnetic isand. When s> 0 , the second term in the

RHS of Eq.(2) is stabilizing. When Bps<0 holds, it is destabilizing.

The sign of the coefficient B s isdetermined by two factors. Thefirst oneisthe
ratio Lo/L , . The pressure profileis usualy a decreasing function of radius, so that the
ratio L /L, ispositive for the configuration like LHD (in which the safety factor g is
decreasing to the edge) and negative for normal operation of tokamaks (in which the
safety factor isincreasing to the edge). The other isthe coefficient a5 . 1n normal

conditions of tokamaks or standard configuration of LHD, the bootstrap current isin the
direction such that it enhances the background rotational transform. (In this case
aps>0.) The coefficient aps can changethesignin helical systems by a particular
choice of the Fourier component of magnetic fields. [21, 25] Considering these two
factors, one seesthat, in the standard LHD operation condition, the second term has
stabilizing influence on the externally-driven magnetic island.
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B. Width of saturated island
The saturation width of theidand is evaluated from therelation AA=0 . From

Eq.(2), one sees that the second term in the RHS is effective for A> pgrs?, i.e, the
isdand width islarger than py, . The effect of the bootstrap current is the dominant
stabilization effect, and the ion polarization drift may be effective when the island width
approachesto py, . We study in this subsection the standard cases where ap,s>0 and
apc>0 hold. Themarginal condition givestheisland widthw , wirg=vA | at the

stationary state. Inthelimit of A>>pgrs2, one has
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showing a slow reduction with respect to the plasma pressure. When the island width
approachesto py, , the stabilization by the ion polarization current is effective. Theidand

width chopped off to the level of py, if the condition
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issatisfied. The critical betafor annihilation of the induced magnetic idand is given as
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Figure 1 illustrates the island width as a function of the plasmabetavalue. The dashed
line is the case where only the first term in the parenthesis of Eq.(2) is taken into account.
The reduction of theidland is shown. The solid line shows the case where the effect of




theion polarization current isincluded. More sharp reduction when the island width
approachesto py, isdemonstrated. The analytic estimate isfound to be relevant.

The response of the iand width as afunction of the external driveisillustrated in
Fig.2. Inthisfigure, the saturation island width is shown as a function of 6 for fixed
plasmabetavalue. Below the threshold,
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the induced island width is suppressed to the level of the bananawidth of ions. When the
width of the induced island exceeds this threshold, 8 = 6 , theisland startsto grow. Ina

large d limit, 0 >> 9, theisland width approachesto d , w— 9 .
One might be interested in a parameter dependence on the critical sized. . Inthe
collisionless regime, a5 isweakly dependent on the plasma parameter, so that the

relation
8¢ \/Bppp = nY2T ¥ (11)

holds. Inthe plateau regime, v > Vi/dR (v : collision frequency, Vi, : thermal

velocity),one has areduction of the bootstrap current, which may be modelled as
ps * Vi/VOR o« n=1T2 | Therefore, the critical width has a dependence

8¢ \/BpPpvin/VaR o« T (12)

and isindependent of the density.

The result that the island width is suppressed in the region Eq.(10) (or Eq.(12))
indicatesthat thisis a self-healing state against the external generation of the magnetic
isand. The self-healing requires, by definition, that the iand annihilation (below the
level of the ion gyroradius) happens not only at particular values of globa parameters, but
also continues to hold even if global parameters change in a certain range. The
annihilation of the magnetic idand by the finite plasma pressure is an example of the self-
healing of idandsin helical plasmas.

It is noted that the excitation of the magnetic idand, shownin Fig.2, hasthe
feature of the supercritical excitation. Theidand width W isamonotonic increasing
function of 6 , and no bifurcation happensin thiscase. No hysteresisis predicted in
Fig.2.

C. Variations



The case of an opposite bootstrap current (a,s< 0 ) isalso studied. In this case,

the defect of the bootstrap current has a destabilizing effect. Figure 3 showstheidand
width asafunction of 5 for afixed value of & (thewidth of externaly drivenisland).

In the configuration where the g -value is decreasing to the surface, the magnetic island
width is enhanced by the plasma pressure if the bootstrap current isin the counter-
direction (reducing the vacuum rotationa transform).

The other issueisthe role of theion-polarization current. 1t was shown that the
coefficient ap (positive if stabilizing) is proportional to the sign of m(m — . pi) ,. The
island which isdriven by the external driveis stationary in the laboratory frame. The

radia eectric field has two branchesin LHD-like plasmas[27]. When the radial electric
field inthe LHD plasmaisin the so-called electron root, E, > 0 , the plasmamotionisin

the direction of theion diamagnetic drift. The relative motion of theidand in the plasma
frameisin the direction of the electron diamagnetic drift, i.e., w(m — W« pi) >0. The
term with apc isstabilizing. Incontrast, if theradial electric field isthat of the ion-root,
E, <0, thereisapossihility w(m — W« pi) <0. Suchasituation holdsif the radial electric
field isnegative and the E x B velocity is smaller than the ion-pressure gradient drift

velocity. Therefore, depending on the branch of the radial electric field, theion-
polarization current effect can be destabilizing.

D. Possibility of neoclassical tearing instability
The destabilization effect in the case of a,5< 0 suggests the neoclassical tearing

instability in the helical systems. Thus, the tearing instability can take place for the
configuration with aps< 0 inthe LHD-like plasmas.

Putting 8 = 0 into Eq.(2), the balance between the stabilizing force associated
with the magnetic configuration and the destabilization owing to the defect of bootstrap
current on the resonance magnetic surface can be andyzed. Inthesmal A limit, the
leading term in the destabilizing force depends linearly on A while the stabilizing term
has a dependence on AY2  Thelatter dominates the former inthesmall A limit. This
suggests that the perturbation can be unstable through subcritical excitation. The
threshold amplitude Wy, exists and the perturbation becomes unstable if the amplitude
exceeds this threshold, AY2 > wy/ro . When the polarization current effect is stabilizing,
the threshold amplitude is estimated as Wi, ~ O(p b) as was discussed for tokamaks. If it
is also destabilizing, apc = a@pg , the threshold size of island is evaluated in the large B ps

limit as
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The threshold amplitude for the onset of NTM becomes much smaller in this case. When
the island width exceeds this threshold, the island grows and reaches the finite-amplitude
stationary state. In the large amplitude limit, the saturation amplitudeis given as

Pbs - (14)

The idand width increases as the plasma pressure increases, when a,5< 0 holds. Figure
4 illustrates the marginal stability condition A =0 in the absence of the external drive of
magneticisland, =0 .

IV Summary and discussion

In this article, we studied the excitation of the magnetic idand in helical systems
by the externa resonant deformation. The theory of the neoclassical tearing mode was
extended to the case of the LHD-like plasmas. A ssimple model theory was devel oped,
where only a single resonant Fourier component was taken. A self-sustaining mechanism
was proposed for theidand annihilation in helical systems. Theidand widthis
suppressed to the level of the ion bananawidth, if the plasma beta value exceeds a certain
threshold value. Theisland width does not grow, in the finite beta plasmasin LHD-like
systems, until the size of externally-driven magnetic island exceeds the threshold value.
Above this threshold, the island width grows when the externally-driven island grows.
Thisis one possible explanation for the idland annihilation which was observed on the
LHD. A test of thistheoretical model was aso proposed. The direction of the bootstrap
current can be reversed in helical systems. In such cases, the plasma pressure gradient
makes the island width larger. The neoclassical tearing mode possibly occurs even in the
absence of the external drive of island. Under such circumstances, the threshold for the
seed idand for the onset of NTM depends whether the radial electric field isin the
electron root or in theion root. Thisgivesanew insight for the evolution of magnetic
islandsin toroidal plasmas.

Before closing, arelevance of this model to the experimental observation is
commented. First, thismodel provides a self-sustaining annihilation of the externally-
driven magnetic idand. The annihilation holds within a certain finite range of variation of
global parameters. Second, thismodel predicts that the reduction of theisland width is
controlled by the factor  ,0,, and the collisionality. That is, island is reduced both by the
plasma pressure gradient and by the higher temperature. The dependencies Egs.(11) and
(12) are consistent with experimental observations[19]. Third, thismodel is consistent
with the onset of the idand by the pellet injection [20]. When the pellet isinjected, the
plasma temperature decreases on magnetic surfacesin theisland, while the change of the
pressureissmall in afast time. Theincrement of the collisionality causes the reduction of
the bootstrap current at the position of O-point, thus eliminates the defect of the bootstrap
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current which has a stabilizing force on the magnetic isand. When the temperature
recovers after the pellet injection, the island is suppressed. The fourth issueisthetime

scale of the appearance of the magnetic idand. Consider the case that theinitial condition
is chosen as the annihilated state and that the stabilization term disappearsat t =0 . In
such as case, the dependenceof A” on A (i.e., A’ = 8°A~1) accelerates the growth and
givesw ~ (n t) 1 [5]. Thismay explain afast reappearance of the externally-driven
magnetic isand after the pellet injection. Fifth, thetest in the case of reversing the
direction of the bootstrap current is discussed. Sixth, the role of ion-polarization drift
could betested. Thesign of E x B velocity, outside of the island, can be changed in
LHD [27]. The plasmaswith the radia electric field in the electron-root have much
higher threshold for the onset of the magnetic island. This provides an experimental test
for the stabilizing effects of the ion-polarization current. The quantitative comparison,
together with the examination of the proposed test will enrich the understanding of the
island formation in toroidal plasmeas.

It should be noticed that the response of the magnetic iand in the regime where
the idand width is close to the banana width may be subject to the modification by an
elaborated theory of neoclassical processes. We note that the role of ripple-trapped ions
in the polarization current isnot included. A quantitative analysisin aregion of small
magnetic island isleft for future work. Another issue is the role of background
turbulence on the isand growth: In some cases, the accel erated island formation was
predicted theoretically [28, 29]. In the case of subcritical excitation (i.e., a,s< 0 ), the
excitation by the turbulent noise is essential [30-33]. Theidand may have an impact on
theradia electric field and influences the transport [34, 35]. In addition, meso-scale
islands which could be excited by the external field possibly influence the iand evolution
[36]. Such effects can influence on the evolution of islands. There remains much work

in connection with the physics of magnetic idand in toroidal plasmas.
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Fig.1 The width of magnetic island as afunction of the plasmabetavaue. The
external driveisfixed, 8/p, =10 . The dashed line indicates the suppression by the
bootstrap current effect, and the solid line includes the ion polarization drift. We smply

chooseZ\ A’o\ =1, LyLp=3 anday. = aps.

15

W/pb g
10 - ’,"'
5 /"
00"' ‘ ‘O
5 1 6/p 15
Fig.2 The width of theisland as afunction of the external island width for a

fixed value of the plasma pressure, apfl ps= 0.3 and rdpp =50 . (Other parameters are
thesameasin Fig.1)
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Fig.3 The idand width for positive and negative values of B . (Other
parameters are the same asin Fig.1)
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Fig.4 Magnetic idand width as afunction of the plasma pressure gradient when the
bootstrap current isin the counter direction. The external drive of theidand isabsent in
this case. The solid line shows that the ion-polarization current has stabilizing effect,

apc = \ abs\ . The dashed line indicates the case that it is destabilizing for apg< 0
(@pc = aps ). (Other parameters are the same asin Fig.1)
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