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In the generalized Rutherford equation describing the nonlinear evolution of the width of the

magnetic island associated with a neoclassical tearing mode, the effect of localized current drive is

represented by a term D0CD. We investigate oscillations in D0CD originating from the rotation of the

island through the electron cyclotron power deposition region and their dependence on the

collisional time scale on which the driven current is generated, the rotation period, the island size,

and the power deposition width. Furthermore, their consequences for the island growth or the

stabilization are analyzed. This work shows that the net result of the oscillations in D0CD is a slight

increase in the stabilizing effect of electron cyclotron current drive and consequently, a reduction

in the minimum power requirement to fully suppress an island.

[http://dx.doi.org/10.1063/1.4751873]

I. INTRODUCTION

Economic fusion reactors require operation at high b,

the ratio of kinetic over magnetic pressure. However, high b
plasmas are prone to a number of magnetohydrodynamic

(MHD) instabilities. Neoclassical tearing modes (NTMs)

produce magnetic islands around resonant surfaces with

rational safety factor q¼m/n, where m is the poloidal and n
is the toroidal mode number. They lead to confinement deg-

radation and even to disruptions. Thus, control of NTM

amplitudes is important in order to optimize the efficiency

and the performance of a tokamak fusion reactor.

NTMs are sustained by the annihilation of the pressure-

gradient driven bootstrap current inside the magnetic island

due to the pressure flattening across the island.1,2 Suppres-

sion of the NTM can be achieved through the replacement of

this missing bootstrap current either non-inductively by

localized current drive or inductively by localized heating

reducing the resistivity and thus increasing the inductively

driven current density. Because of the good localised power

and driven current profiles of electron cyclotron resonance

heating (ECRH) and electron cyclotron current drive

(ECCD), they are the preferred tools for the stabilization of

NTMs.3 NTM suppression experiments have been performed

successfully using both ECRH and ECCD.4–14

The generalized Rutherford equation (GRE)15,16 pro-

vides a theoretical model for the growth and stabilization of

tearing modes. It describes the nonlinear temporal evolution

of the full width w of the associated magnetic island as a

function of different stabilizing and destabilizing mecha-

nisms.2,16–20 Including only the most relevant terms in the

context of the present paper, the GRE is written as

0:82
sr

rs

dw

dt
¼ rsD

0
0ðwÞ þ rsD

0
bs þ rsD

0
CD; (1)

where sr ¼ l0r2
s =g is the current diffusion time for the

plasma resistivity g at the resonant surface rs of the island.

D00ðwÞ is the classical stability index. The driving mecha-

nism of NTMs, which is the perturbation of the bootstrap

current, is represented by the second term. The last term

refers to the stabilizing effect of localized current drive. In

this work, we neglect the effect of heating associated with

ECCD and a possible modification in equilibrium current

profile as a consequence of the non-inductive current

drive which can modify D00. Moreover, we exclude finite

island size effects on the classical stability index21 and the

stabilizing Glasser-Green-Johnson effect resulting from the

magnetic field curvature.22

Conventionally, the D0CD term is obtained by averaging

the effect of the ECCD over an island rotation period srot.

The island rotation period srot as used here is defined as the

period of rotation of the magnetic island as observed by a

fixed external observer or structure such as an ECCD

antenna. Formally, this requires the assumption that the rota-

tion period is much shorter than the collisional time scale

scoll on which the electron cyclotron (EC) driven current is

generated/decays. When this assumption is not valid and the

rotation period is of the same order or longer than the rele-

vant collisional time scale, the EC driven current dJCD pro-

file becomes time dependent, oscillating and moving through

the island with the rotation period. Current centered at the

O-point of a rotating island stabilizes the island more effi-

ciently, whereas CD on the island X-point has a destabilizing

effect. As a result, D0CD will oscillate with the rotation period

as well.

Another time scale related to the stabilization of

islands is sNTM, the characteristic time scale for island evo-

lution. When the island evolution is slow, the time average

of D0CD again results in the conventional expression for

D0CD. However, when the rotation is slow and the island

evolves significantly during a rotation period, this is noa)Electronic mail: b.ayten@differ.nl.
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longer true, and the oscillations of D0CD must be accounted

for in the temporal evolution of the island. So far, little

attention has been paid to the time dependency of the D0CD

term and its consequences for the island evolution. It would

thus be of interest to analyze the D0CD oscillations and their

dependence on the different time scales, the island size and

power deposition width. Furthermore, it is of interest to

study the consequences of the D0CD oscillations for the

island evolution and in particular for the minimum power

requirement to fully suppress an island. This might espe-

cially be relevant in case of relatively slow rotation as is

the case for the next generation fusion devices, like ITER.

In the present-day, tokamaks like ASDEX Upgrade,

JT-60U, and DIII-D, the rotation is much faster owing to

neutral beam injection (NBI). However, present day experi-

ments could access the low rotation regime by balanced

beam injection or coupling to slowly rotating resonant mag-

netic perturbations.

This paper studies how the oscillation in D0CD is deter-

mined by the two time scales, srot and scoll and additionally,

how it affects the growth or stabilization of the island on its

evolutionary time scale sNTM. This is analyzed in the param-

eter space spanned by the three time scales. When scoll and

sNTM are normalized to srot, a two dimensional normalized

parameter space results. In this parameter space, we recog-

nize two limits. On one hand, the regime of very fast rotation

ðsNTM=srot � 100Þ in which D0CD is obtained through an av-

erage over a rotation period. This so-called standard regime

has been studied extensively.17,23–25 On the other hand, one

has the locked mode regime ðsNTM=srot � 1Þ in which the

island does not rotate significantly during its evolution. This

work focuses on the parameter space between these two

extrema. In addition, relevant results for the locked mode re-

gime are included. It should be noted that in this parametric

study, we will vary scoll and sNTM independent of each other.

In a practical experiment, these two time scales are of course

strongly linked.

Dynamic effects from the finite collision time and island

rotation have been studied before by Giruzzi et al.26 in the

context of lower hybrid current drive (LHCD) and ECCD

stabilization of NTMs in ITER. The present paper supple-

ments this work by providing a systematic analysis over the

full range of the relevant parameter space and by including a

self consistent modelling of the driven current evolution

inside an evolving and rotating magnetic island.

The plan of this paper is as follows. Section II presents

and discusses the GRE taking into account all the relevant

terms to be used in the present work. The term expressing

the effect of the current drive in the GRE is used as given in

Refs. 17, 24, and 25. An equation describing the time evolu-

tion of JCD in the presence of an evolving and rotating island

is presented. The time-dependent current density introduced

by the island rotation is incorporated into the generic D0CD

term. In Sec. III, the resulting time dependent ECCD term is

presented for the case of constant island width. This is fol-

lowed in Sec. IV by a study of its effect on the island evolu-

tion. The relevance of these results for present day and

future tokamak experiments is discussed. Finally, Sec. V

summarizes the conclusions.

II. THE MODEL

A. Generalized Rutherford equation

The modelling of the island width evolution discussed

in this paper is based on the GRE as written in Eq. (1) taking

into account only the most relevant terms in the context of

the present work. Both the second and third term on the right

hand side arise from a perturbation of the non-inductive cur-

rent density. The modification to parallel Ohm’s law as a

result of such a perturbation to the non-inductive current

density, djni, results in a contribution to the GRE of the

generic form

rsD
0
ni ¼ �

16l0Lqrs

Bppw2

� ð1
�1

dx

þ
dndjni cos n

�
; (2)

where Lq ¼ q=q0 is the shear length and Bp the poloidal mag-

netic field at the rational surface. The second term on the

right hand side of Eq. (1) describes the driving term from the

helically perturbed bootstrap current. As the bootstrap cur-

rent is annihilated by the fast parallel transport inside the

island, the corresponding perturbation to the non-inductive

current is djni ¼ �JBS everywhere inside the island, where

JBS is the bootstrap current density at the rational surface of

the mode in the unperturbed equilibrium. The resulting boot-

strap term is then written as2,24,27,28

rsD
0
bs ¼

16l0Lqrs

Bpp
4JBS

3w

w2

w2 þ w2
marg

; (3)

where the factor 4/3 follows from the evaluation of the inte-

grals inside the island only and the factor w2=ðw2 þ w2
margÞ is

introduced to account for the effects of incomplete flattening

of the pressure inside small islands, as a consequence of the

competition between parallel and perpendicular transport in

the island region.27 As a consequence, the bootstrap current is

only partially destroyed in the case of small islands, which

limits the instability drive in the small island limit. The

parameter wmarg is defined as the island width at which the

bootstrap term has its maximum. Other forms of this factor

were also proposed representing different stabilizing contribu-

tions in the small island limit.29 For the present work, these

different models would not change the results qualitatively.

The classical stability index D00 can be calculated in an

indirect way by relating it to the island size, wsat at which the

NTM growth saturates in the absence of other stabilizing

effects. Since at wsat, the growth rate of the island without

ECCD is zero,

D00 ¼ �D0bsðw ¼ wsatÞ: (4)

Possible additional dependencies of JBS and D00 on the

island width w are neglected. Also these would not have a

qualitative effect on the results presented in the present paper.

The stabilizing contribution of the EC driven current

density djni ¼ JCD, in the GRE is17,24,25

rsD
0
CD ¼ �

16l0Lqrs

Bppw2

�ð1
�1

dx

þ
dnJCD cos n

�
; (5)
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where x � r � rs is the radial coordinate relative to the

rational surface and n is the helical angle in the cross-section

of the island. To evaluate this term as a function of time, a

proper equation for the evolution of the driven current den-

sity is needed taking into account the effects of rotation and

a finite collision time as well as the effect of the evolution of

the island. Once JCD is known, D0CD is obtained through

direct numerical evaluation of the integrals without further

approximations.

As the purpose of this work is to obtain a generic under-

standing of possible effects of the D0CD oscillations on the

island evolution and of their dependence on the different

time scales involved, it is useful to write a normalized GRE.

To this end, we identify the characteristic time scale for

island evolution with the inverse growth rate coming from

the maximum of the bootstrap term, i.e.,

sNTM �
0:82sr

rsD
0
bs;max

: (6)

Island sizes and deposition widths are then normalized

by rs and time by sNTM. This way the GRE is obtained in its

following normalized form:

d �w

d�t
¼ � 2 �wsat �wmarg

�w2
sat þ �w2

marg

þ 2 �w �wmarg

�w2 þ �w2
marg

þ �D
0
CD; (7)

where �t � t=sNTM, �w � w=rs, and �D
0
CD ¼ D0CD=D

0
bs;max.

B. The evolution of JCD

The dynamical modelling of the electron cyclotron cur-

rent drive is performed as follows. A normalized Gaussian

distribution is assumed for the radial power deposition

profile

PEC ¼ Ptot ~pCWðx; nÞMðt;DÞ; (8)

with

~pCWðx; nÞ ¼
PðnÞ

Dnp3=2wdepRrs
e�4ðx�xdepÞ2=w2

dep ; (9)

where Ptot denotes the total injected power in case of contin-

uous wave (CW) application, n the helical angle, Dn the heli-

cal power deposition width, R the tokamak major radius,

wdep the full e�1 power density width, and xdep ¼ rdep � rs

the deposition location relative to the resonant radius. As the

island rotates, the power is deposited at different phases of

the island with a helical width Dn. Under the assumption that

at t¼ 0, the helical profile is centered at n ¼ 0, this effect is

included by the top hat function PðnÞ as

PðnÞ ¼ 1; xrott� Dn=2 � n � xrottþ Dn=2; modulus 2p;

(10)

PðnÞ ¼ 0; otherwise; (11)

where xrot ¼ 2p=srot is the angular rotation frequency of the

island. Mðt;DÞ represents the power modulation and it is

written in terms of a Heaviside function as

Mðt;DÞ ¼ HðcosðxrottÞ � cosðDpÞÞ; (12)

where D is the power on-time fraction. It is assumed here

that the power is modulated exactly at the island rotation fre-

quency and that the power-on phase is exactly centered

around the O-point passage through the ECCD beam.

At this point, we need to define the symmetric island to-

pology adopted for this work: X ¼ 8x2=w2 � cos n is the nor-

malized flux surface label with X ¼ �1 at the O-point of the

island and X ¼ 1 at the X-point. Here, x ¼ r � rs is the dis-

placement from the resonant surface. Outside the island, the

label r ¼ sgnðxÞ distinguishes the two different surfaces

with identical X on opposite sides of rs. Using the same nota-

tion as in Refs. 17, 25, and 27, the flux surface average of a

function A can be defined as hAi � fAg=f1g, where

fAðr;X; nÞg �
þ

dn
2p

w

4
ffiffiffi
2
p Aðr;X; nÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Xþ cos n
p ; (13)

for X > 1, and

fAðr;X; nÞg �
ð n̂

�n̂

dn
2p

w

4
ffiffiffi
2
p ½Aðr;X; nÞ þ Að�r;X; nÞ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Xþ cos n
p ;

(14)

for X � 1.

The parallel transport is assumed to be virtually instanta-

neous, such that the driven current density can be taken as a

flux function. In that limit, the evolution of the driven current

density is given by the bounce-averaged, quasi-linear

Fokker-Planck equation. This equation describes the evolu-

tion of the bounce-averaged electron distribution function

under the influence of both collisions and the EC driven

quasi-linear diffusion.30–32 Because the island evolution is

incompressible, the evolution of the island will not affect the

bounce-averaged distribution function feðSXÞ as a function of

the total area enclosed by the flux surface as indicated in Fig.

1. Only on those surfaces that are being reconnected due to

island growth or get disconnected due to island shrinkage,

the distribution function must either be averaged over the

two contributing surfaces or distributed equally over the two

resulting surfaces. An equation for the evolution of the cur-

rent density can be obtained by taking the first moment of

the bounce-averaged, quasi-linear Fokker-Planck equation.

In our model, we approximate the resulting equation as

@JCDðSX; r; tÞ
@t

¼ � JCDðSX; r; tÞ
scoll

þ2pR
gCD

scoll
hPECiðSX; r; tÞ; (15)

where the first term on the right hand side describes the

effects of collisions and the second term represents the cur-

rent drive as a consequence of the quasi-linear EC diffusion.

The collision time represents the current destruction rate33

and can be obtained from bounce-averaged, quasi-linear

Fokker-Planck simulations. It will be strongly dependent on

the velocity of the resonant electrons carrying the EC driven

current. In the second term, the current drive efficiency is
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assumed to be a simple constant, gCD � ICD=Ptot, where ICD

is the total driven current obtained from either bounce-

averaged, quasi-linear Fokker-Planck simulations or ray trac-

ing calculations including adjoint calculation of the driven

current. This neglects any detailed spatial dependence of the

current drive efficiency over the region of power deposition.

hPECi is the flux surface averaged power density. Also possi-

ble nonlinearities in gCD at high power densities are

neglected.

In the limit of scoll ¼ 0, the solution for the current den-

sity Eq. (15) becomes JCDðSX; r; tÞ ¼ 2pRgCDPECðSX; r; tÞ
which corresponds to the assumption of instantaneous gener-

ation of the driven current. Equation (15) must be supple-

mented by a set of equations describing the effect of the

island evolution: i.e., the effect of reconnection (for a grow-

ing island) or disconnection (for a shrinking island). On

reconnected flux surfaces as a consequence of island growth,

for Ssepðt�Þ < SX � SsepðtþÞ;

JCDðSX; t
þÞ ¼ 1

2

�
JCDðSX; r ¼ 1; t�Þ

�

þ 1

2

�
JCDðSX; r ¼ �1; t�Þ

�
; (16)

where Ssep represents the enclosed surface area within the sep-

aratrix and t� and tþ refer to the time steps in the simulation

just before and just after the surfaces are reconnected, respec-

tively, i.e., the current density is the average of the two current

densities on the surfaces that have formed the newly recon-

nected surface. On flux surfaces that get disconnected as a

result of island shrinkage,

for SsepðtþÞ < SX � Ssepðt�Þ;

JCDðSX; r ¼ 61; tþÞ ¼ JCDðSX; t
�Þ; (17)

where t� and tþ now refer to the time steps just before and

just after the surfaces are disconnected, i.e., the current den-

sity on surfaces that get disconnected is conserved and dis-

tributed equally over the two daughter surfaces on opposite

sides of rs. Equations (15)–(17) describe the model we use

for the time dependent evolution of the driven current in the

case of an evolving island. This set of equations is solved by

means of a numerical code implemented in MATLAB, and

solved concurrently with the island evolution according to

the GRE.

III. RESULTS OF D0CD CALCULATIONS: CONSTANT
ISLAND WIDTH

In this section, we solve Eqs. (5) and (15) for constant

island width w and power on-time fraction D ¼ 100%. We

look into the effects of the choice of helical width and

scoll=srot on the time dependence of D0CD. Moreover, these

calculations are performed for a number of island widths to

see the dependence of the results on the island and deposition

widths. The conclusions drawn in this section will help to

understand the results of the dynamical modelling with self

consistent island width evolution given in Sec. IV. The

results of the D0CD calculations will be normalized to a refer-

ence case D0REF, which is obtained in the case where the

power is evenly distributed over all phases of the island and

the collisional time scale is zero. Accordingly, in the context

of the time dependent ECCD model described above D0REF

is defined as

D0REF � D0CDðDn ¼ 2p; scoll ¼ 0Þ: (18)

Note that, this reference case corresponds to D0CD as

obtained conventionally under the assumption of fast rota-

tion and averaging the power deposition and current drive

profiles over a complete rotation period.17,24,25

When the collisional time scale scoll is different from

zero, the EC driven current takes time to reach a quasi-

steady state depending on the value of scoll.
26 As D0CD is pro-

portional to dJCD, it also evolves on the time scale of scoll,

finally reaching a quasi-steady state as shown in Fig. 2. For

both curves, scoll ¼ 3srot. The solid curve represents the case

for which the power is spread evenly over all phases of the

island and shows the evolution of D0CD with the growth of the

driven current on the collisional time scale. For t� scoll, a

steady state is reached identical to D0REF. Results for D0CD

calculations with a small helical power deposition width

ð0:02� 2pÞ are depicted by the dashed curve. The helically

localized power deposition on a rotating island generates a

time varying phase of power deposition and current genera-

tion. That further results in oscillations of the driven current

density profile and accordingly of D0CD at the plasma rotation

frequency. For t� scoll, a quasi-steady state is reached

FIG. 1. SX is the surface area enclosed by X. r ¼ þ1 represents X at a radial

location r > rs, whereas r ¼ �1 represents X at r < rs.

092506-4 B. Ayten and E. Westerhof Phys. Plasmas 19, 092506 (2012)

Downloaded 01 Oct 2012 to 131.155.151.167. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



characterized by periodic oscillations of D0CD around its ref-

erence value.

To illustrate the consequences of a different value of

scoll=srot, D0CD calculations in case of small helical width

ð0:02� 2pÞ and w ¼ wdep were done for a number of scoll

values. The results as obtained during two rotation periods

during the quasi-steady state are shown in Fig. 3. When the

rotation period is of the same order, or longer than the colli-

sional time scale scoll, as presented by the full, dashed, and

dashed-dotted curves, D0CD oscillates with the rotation period.

When scoll=srot ¼ 1 (dotted curve), the oscillations of D0CD

are reduced to zero and the quasi-steady state reached is

identical to the reference case. The case of scoll=srot ¼ 0 can

also be seen as representing the D0CD efficiency as a function

of island phase in case of a locked mode. Note that, in partic-

ular for small scoll=srot, the oscillations are not sinusoidal

and that the maxima and minima are not symmetric around

the average value. This is a consequence of the finite width

of the flux surface averaged power deposition and driven

current density profiles and the particular shape of the effec-

tiveness for NTM stabilization of the driven current as a

function of the flux coordinate as presented in Fig. 18 of Gir-

uzzi et al.26 Because of this non-sinusoidal character of the

oscillations, in the following, results will be shown in terms

of extrema of the oscillations.

As scoll=srot increases, the amplitude of the oscillations

decreases as the driven current profile gets more smeared out

due to the delayed generation and decay. In addition, this

delay results in a phase shift of the D0CD oscillation relative

to the island rotation as can be seen in Fig. 3. The phase

shift increases with increasing scoll, reaching about 80	 for

scoll ¼ srot and saturating at 90	 for large scoll=srot. Note that,

as Eqs. (5) and (15) are linear in case of constant island

width w, in all cases shown above the time average over a

FIG. 2. D0CD calculations for scoll ¼ 3srot as a function of time till a quasi-

steady state is reached. The result of the case where the power is distributed

evenly over all phases of the island is given by the solid curve. The dashed

curve represents D0CD calculations done for a power deposition helical width

2% of the whole island helical width.

FIG. 3. Results during the quasi-steady state for D0CD as a function of the

phase of the rotating island for Dn ¼ 0:02� 2p, w ¼ wdep, and various val-

ues of scoll=srot (see legend).

FIG. 4. (a) The dependence of extrema of D0CD on w=wdep is calculated for

different scoll=srot values. The dotted line for which the scoll=srot ¼ 1 is

identical to the reference case. (b) Extrema of D0CD for a fixed island width

ðw ¼ wdepÞ as a function of scoll=srot.
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full rotation period of the CD term, hD0CDisrot
, in the long

time limit of the quasi steady state is identical to the

reference case, i.e.,

lim
t!1
hD0CDisrot

¼ D0REF: (19)

This is indeed born out by the numerical calculations up

to numerical accuracy.

The extrema of D0CD simulations at quasi-steady state as

a function of w=wdep for three different scoll=srot are shown

in Fig. 4(a). Since scoll=srot ¼ 0 is realized in the limit of

srot !1 corresponding to a locked mode, the maximum of

D0CD for scoll=srot ¼ 0 represents the case where the power

deposition is locked at the O-point, whereas its minimum

refers to the power deposition locked at the X-point of the

island. The amplitude of the oscillations decreases as

scoll=srot increases. When scoll is increased from 0 to

0:3� srot, the amplitude of the oscillations drops by about

50% for w ¼ 0:1� wdep and still by about 30% for

w ¼ 10� wdep. Moreover, we see that for a given value of

scoll=srot, the amplitude of the oscillations decreases as

w=wdep increases. Fig. 4(b) gives the maximum and the

minimum as a function of scoll=srot for a fixed island width

ðw ¼ wdepÞ. For scoll=srot < 10�1, the extrema in D0CD are

seen to saturate at a maximum value. As scoll=srot is increased

above 10�1, the extrema quickly approach the reference

value, leaving only modest oscillations for scoll=srot > 1.

Finally, D0CD calculations were performed for the case of

scoll=srot ¼ 0 and different helical widths of the power depo-

sition profile Dn to assess the influence of Dn on the mini-

mum and maximum of D0CD. Fig. 5(a) shows the results in

terms of the extrema of the D0CD oscillations as a function of

w=wdep. For any helical width smaller than the whole island

helical width, the absolute value of the extrema increases as

w=wdep gets smaller. For w > wdep, the extrema in the oscil-

lations are almost constant. The solid curve represents the

reference case Dn ¼ 2p. In Fig. 5(b), D0extremum is shown for a

fixed island width ðw ¼ wdepÞ as a function of helical width.

The amplitude decreases as the helical width increases. In

general, Dn smaller than 0:2� 2p results in very similar val-

ues of the extrema. For helical widths of more than 40% of

2p, there is an almost linear decrease in the amplitude, reach-

ing zero at Dn ¼ 2p.

IV. RESULTS OF DYNAMICAL MODELLING WITH
SELF CONSISTENT ISLAND WIDTH EVOLUTION

In this section, it is investigated how the oscillations in

D0CD influence the growth or the stabilization of the NTMs.

This is done by simulating a selected number of cases in the

2D normalized parameter space spanned by scoll=srot and

sNTM=srot as stated in the Introduction. As indicated in Fig. 6

in this parameter space, the standard regime is recovered for

sNTM=srot � 100 while the region with sNTM=srot � 1 can

be identified with the locked mode regime. In addition, as

shown in Sec. III, the D0CD oscillations are virtually absent

for scoll=srot � 10. We expect effects of the oscillation in

D0CD on the growth or the stabilization of the island in the

rest of the parameter space.

FIG. 5. In (a), the dependence of the extrema in D0CD on w=wdep is shown for

different helical widths Dn. In each case, scoll=srot ¼ 0. (b) Extrema of D0CD

as a function of helical width for a fixed island width ðw ¼ wdepÞ.

FIG. 6. The parameter space spanned by sNTM=srot and scoll=srot. The fast

rotation regime also called the standard regime ðsNTM=srot � 100Þ and the

locked mode regime ðsNTM=srot � 1Þ are indicated. Beyond scoll=srot � 10,

the oscillations in D0CD are practically absent. The symbols indicate the typi-

cal position in this parameter space for an NTM as observed in a current

experiment like AUG (diamond, see Table I) and as expected in ITER

(circle). The lines originating from these symbols indicate the path followed

in the parameter space when the rotation frequency is reduced.
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The dynamical modelling with self consistent island

width evolution will be based on the GRE in its normalized

form as formulated in Eq. (7). Apart from the normalized

time scales, this still leaves the normalized saturated and

marginal island sizes, and EC deposition width as independ-

ent parameters. For the saturated and marginal island sizes,

we will be using parameters which are representative of an

m¼ 2, n¼ 1 NTM in ITER: �wsat ¼ 0:2 and �wmarg ¼ 0:0125.

A case of narrow EC power deposition �wdep ¼ 0:01, as well

as of wide deposition �wdep ¼ 0:03 will be considered. In all

cases presented in this section, the helical EC power deposi-

tion width is given by Dn ¼ 0:02� 2p.

The reference case ðDn ¼ 2p; scoll ¼ 0Þ is used to

derive a minimum required power Pmin for NTM stabiliza-

tion for both cases of narrow and wide deposition. In Figs.

7(a) and 7(b), we show the results of the simulations with

an ECCD power marginally above this minimum required

power for the case of scoll=srot ¼ 0 and various values of

sNTM=srot ¼ 1; 10, and 100. Compared to the reference case,

the effect of rotation is an oscillation in the island width

with the rotation period. The amplitude of this oscillation

increases proportional to the rotation period. The oscillation

results in a net increase of the stabilizing effect of the

ECCD and a consequent reduction in the time required for

full suppression of the mode. Note that in the case of a wide

ECCD deposition, the critical island width at which the

NTM growth rate attains its maximum is significantly

smaller than in the case of the narrow deposition width.

This can be seen in the Figs. 7(a) and 7(b) from the

different island widths at which the reference cases exhibit

a plateau in time. Because the oscillations in D0CD increase

when w=wdep decreases, the oscillations in the island width

in this plateau phase are much larger for the case with wide

deposition.

In a second set of simulations, we studied the effect of

introducing a finite collision time. To this end, we performed

simulations with the same parameters as in case of Fig. 7(a)

and sNTM=srot ¼ 10 but now for various values of

scoll=srot ¼ 0, 0.01, 0.1, 1, and 3. As shown by the results

given in Fig. 8, the finite collision time at first results in a

further stabilizing effect of the ECCD. The stabilizing effect

is seen to be largest for scoll=srot 
 0:1. As the collision time

is increased further, the oscillations in D0CD and consequently

in the island width are reduced.

FIG. 7. The island width evolution simu-

lated with a power marginally above

PminðCWÞ for the reference case and in

case of sNTM=srot ¼ 1; 10, and 100. The

other parameters are scoll=srot ¼ 0 and

Dn ¼ 0:02� 2p, with either a narrow

power deposition profile ð�wdep ¼ 0:01Þ
(a) or a wide deposition profile ð�wdep

¼ 0:03Þ (b).
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In conclusion, we see that the net result of the oscilla-

tions in D0CD is to increase the stabilizing effect of ECCD. As

a result, also the minimum power required for full suppres-

sion is reduced below the value of Pmin in the reference case.

In case of the narrow deposition width, the minimum

required power for full NTM stabilization is reduced to 95%

of Pmin in case of sNTM=srot ¼ 1 and scoll=srot ¼ 0. For larger

values of sNTM=srot � 10, the reduction of the minimum

required power is very small. The smaller critical island

width in the case of wide ECCD deposition leads to a larger

reduction in the minimum required power. In that case, the

minimum required power decreases to about 90% of Pmin for

both sNTM=srot ¼ 1, or 10 and for collision times up to

scoll=srot ¼ 1:0 or even larger in the case of sNTM=srot ¼ 1.

We have also performed simulations for the case of

modulated ECCD with D ¼ 0:5 corresponding to a duty-

cycle of 50%. In this case, the comparison has been made to

a reference value of D0CD given by

D0CD;REFðDÞ ¼ DD0CDðDn ¼ 2Dp; srot ¼ 1; scoll ¼ 0Þ (20)

assuming that the power is localized symmetrically around

the O-point. The factor D originates from the fact that the

power is applied only during this fraction of time. In the case

of modulated power, the minimum required power Pmin in

the reference case (in terms of the required power during the

power-on-time) is already lower than for the CW case, in

particular for the wide deposition case. In this case, the D0CD

oscillations introduced by the rotation have not been found

to lead to a significant further reduction in the minimum

required power.

A. Application to current and future experiments

As a typical example of present day experiments on

ECCD control of NTMs, we consider the parameters of

m¼ 3, n¼ 2 NTM control in ASDEX Upgrade (major radius

R0 ¼ 1:65 m, minor radius a ¼ 0:49 m, and elongation

j ¼ 1:76) as listed in Table I.34 These parameters are charac-

terized by a high mode rotation frequency of around 20 kHz,

which is typical of present day high performance experi-

ments with dominant heating through neutral beam injection.

This puts these experiments well into the standard regime as

indicated in Fig. 6. However, when the mode rotation fre-

quency is reduced, for example, through balanced neutral

beam injection or through coupling of the mode to a slowly

rotating resonant magnetic perturbation, experiments could

be performed in the regime studied in this paper. AUG simu-

lations show that the effect of the oscillations in D0CD on the

suppression of NTMs by ECCD as caused by the slower rota-

tion is minimal up to very low rotation frequencies. Only for

the case of wide ECCD deposition and when the rotation fre-

quency is as slow as frot ¼ 10 Hz (i.e., for sNTM=srot 
 1),

there is a significant decrease in the minimum required

power. In that case as shown in Fig. 9, full island suppression

can be achieved with a power decreased to 85% of the value

the reference model predicts.

In spite of the expected much lower plasma rotation fre-

quency in ITER, the expected parameters for the ITER

standard H-mode scenario 2 still place ITER35,36 well into

the standard regime (see Fig. 6). However, it has been

noticed that once an NTM is seeded in ITER, the wall

induced drag will quickly slow down the mode until it locks

to the error field.12,37–39 During this slow down, the dis-

charge will move from the standard regime to the locked

mode regime crossing the parameter space studied in this

FIG. 8. The island width evolution simu-

lated in the case of a narrow power dep-

osition with a power marginally above

the minimum CW requirement for a con-

stant sNTM=srot ¼ 10 and different

scoll=srot values. Additionally, the evolu-

tion in the reference case is shown.

TABLE I. Typical parameters for a 3/2 NTM in AUG.34

scoll [ms] 0.257

sNTM [s] 0.1327

srot [ms] 1

rres [m] 0.24

wdep [m] 0.05

wsat [m] 0.05

wmarg [m] 0.025

gCD [A/W] 0.006

Lq [m] 0.3

Te [keV] 2

JBS [MA/m2] 0.2

Zef f 2
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paper. In particular in the final stages just before mode lock-

ing, significant effects from the D0CD oscillations are to be

expected. A proper analysis of this phase will require the si-

multaneous solution of the evolution of the mode rota-

tion38,40 with the evolution of the mode width as described

by the dynamical model developed in this paper. This is left

for future study.

V. CONCLUSION

In this paper, the oscillations in D0CD that originate from

the rotation of the magnetic island through the EC power

deposition region and the finite collision time relevant to the

EC current drive are studied. In particular, their dependence

on scoll, srot, the island size, and the power deposition width

in both radial and helical directions are investigated. Further-

more, their consequences for the island growth or stabiliza-

tion are analyzed. This work shows that the net result of the

oscillations in D0CD in combination with the consistent island

size evolution is a slight increase in the stabilizing effect of

ECCD averaged over a rotation period and consequently, a

reduction of the minimum power required to fully suppress

an island. The magnitude of this effect depends on the values

of scoll=srot and sNTM=srot.

The D0CD calculations performed to see the influence of

scoll=srot on its time dependence show that as D0CD is propor-

tional to dJCD, it evolves on the time scale of scoll. It takes

time for D0CD to reach a quasi-steady state depending on the

value of scoll. The helically localized power deposition on a

rotating magnetic island leads to oscillations at the plasma

rotation frequency both in the driven current density and in

D0CD. Once the quasi-steady state is reached for t� scoll,

D0CD oscillates around a reference value, which is defined by

the value of D0CD as obtained conventionally by averaging

the power deposition over the rotation period and assuming

an instantaneously driven current. Because the current drive

efficiency is assumed to be linear, such that the driven cur-

rent is simply proportional to the absorbed power, the time

average over a full rotation period of D0CD during the quasi-

steady state is exactly equal to its reference value regardless

of scoll=srot. The amplitude of the oscillations in D0CD is larg-

est for scoll ¼ 0 and decreases for increasing scoll=srot. The

oscillations in D0CD are negligible for scoll=srot � 10. For fi-

nite collision times, the oscillation in D0CD is shifted in phase

with respect to the island rotation. For large scoll=srot, this

phase shift reaches a maximum of 90	. The case of

scoll=srot ¼ 0 also represents the efficiency of D0CD as a func-

tion of island phase for a locked mode. The oscillations in

D0CD are affected by the helical width Dn as well. The ampli-

tude of these oscillations increases as the helical width

decreases. The oscillation amplitude does not increase signif-

icantly further when the helical width is reduced below

Dn � 0:2� 2p. For a narrow helical deposition width,

scoll ¼ 0, and w=wdep � 1, the amplitude of the oscillations

in D0CD is almost constant at about twice the value of D0REF.

For w=wdep < 1, the amplitude of the oscillations increases

strongly with decreasing island width.

The dynamical modelling with self consistent island

width evolution shows that the effect of the oscillation in

D0CD with the rotation period is an oscillation in the island

width. A decrease in the NTM rotation frequency increases

the amplitude of this oscillation. The oscillation of the island

width results in a small net increase of the average stabiliz-

ing effect of the ECCD and decreases the time required for

full suppression of the mode. Introducing a finite collision

time at first provides an extra stabilizing effect. A further

increase in the collision time lowers the oscillations in D0CD

and also in the island width. As the oscillations in D0CD result

in an increase in the stabilization efficiency of the ECCD,

the minimum power required for full suppression is reduced

below the value of Pmin in the reference case. The reduction

is larger in case of wide ECCD deposition. On the other

hand, in the case of modulated ECCD with a duty-cycle of

50%, the net effect of the D0CD oscillations introduced by the

rotation and ECCD modulation is insignificant and conse-

quently does not result in a reduction of the minimum

required power below the reduction that is already achieved

in the reference case as a consequence of the power modula-

tion. The application of this model to AUG experiments

shows that for a sufficiently wide ECCD deposition, the min-

imum required power is reduced to approximately 85% of its

reference value when the NTM rotation frequency is dropped

to about 10 Hz from its natural value of about 20 kHz. To

judge the effects of the oscillations in D0CD on the island sup-

pression properly in the case of ITER, the dynamical model-

ling of ECCD with a self consistent island width evolution

should be combined with a proper model of the mode rota-

tion, which in ITER will slow down and lock on a time scale

comparable to the island width evolution, once an NTM is

triggered.38,40 This may also require a self consistent evalua-

tion of the power deposition profile inside the magnetic

island as obtained by ray-tracing in the presence of a mag-

netic island,41 and an account of possible effects from asym-

metries in the shape and phase of the island.34,42,43 Future

FIG. 9. Simulation results for AUG in the case of a relatively wide ECCD

deposition of wdep ¼ 0:05 m and a low rotation frequency of frot ¼ 10 Hz.

The simulations show that full island suppression is possible with a power of

85% of Pmin(CW), which equals about 1.0 MW for the parameters used in

these simulations.
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work will also address the conditions for and consequences

of non-linear effects in the current drive efficiency at high

EC power densities.
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