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¢ s I P I. INTRODUCTION

PUbI'Stl\'}g‘dg« a critical value of the plasma beta, neoclassical tearing modes (NTMs) are destabilized forming magnetic
islands. As the size of magnetic islands grow, hot particles are more easily lost from the machine and disruptions
can be triggered. Thus the formation of magnetic islands establishes an effective limit on the plasma beta that can
be achieved in a fusion device. The presence of even small magnetic islands has a nonlocal effect on a fusion plasma.
Magnetic islands change a plasma’s temperature profile, the current profile, and the rotation velocity [1]. The primary
tactic for controlling and suppressing NTMs is to apply electron cyclotron current drive (ECCD) in a localized area
inside the magnetic islands [2-7].

In the limit of low plasma beta, the neoclassical bootstrap current, which distir{ shes a neoclassical tearing mode
from a classical tearing mode, is negligibly small. The low beta limit represents_a SWHOH of the full physics of
fusion plasmas, which is still of interest [8-10]. In this work we study the dypamies of the electron cyclotron driven
current within magnetic islands produced by a classical tearing mode in the low _beta regime.

Experimentalists can reconstruct the width and position of a magnetic isl usion plasma from measurements
of the electron temperature obtained from electron cyclotron emission; this profi tens inside a magnetic island.
Changes in the island width can also be calculated from the magneti ﬁlﬁ?aertu ation, which is constructed from
an integrated and weighted sum of Mirnov coil measurements [7, 11]. everwexperiments have not been able to
produce a complete picture of the dynamics internal to the island diirinig stabilization. A deeper understanding of this
physical process is necessary in order ultimately to build a more detailed theory of stabilization than the generalized
Rutherford equation provides. I

Approaching the growth and suppression of tearing moﬁzith simulation allows us to observe how physical
processes inside a magnetic island develop on time and spa alesfiner than those described by the generalized
Rutherford equation, or measurable in experiment. Over the lastfew decades computing power has increased to a
level that, with a magnetohydrodynamic (MHD) fluid fgdel, the nonlinear development of instabilities are routinely
simulated with sufficient resolution in both space an M duce results with excellent accuracy. Several large
codes have been developed to solve different variations of'ghe D fluid equations in a tokamak. These codes include
NIMROD [12, 13], BOUT++ [14, 15], M3D(-C1) TOR(-2F) [18, 19], and JOREK [20, 21]. The JOREK code
has been used to simulate MHD instabilities i
[22, 23] as well as full MHD models [24, 25].
to simulate the evolution of classical 2/1
eventual partial suppression using electron

We have recently revisited the closurgfof single fluid MHD in the presence of ECCD [26]. A typical feature of ECCD
is the two step process characterizing t 1 t drive described by Fisch and Boozer [27, 28]: the electron cyclotron
waves create an asymmetry in the collisionality of the electron distribution which then results in the creation of a net
current with negligible moment nsfer between electrons and ions. The effect of this current is expressed as a
commonly-used modification todOhm’s Taw, which is closed by an equation for the evolution of the EC driven current,
reflecting the delayed nature 6f its'sQurceland its convection with the parallel velocity of resonant electrons. Previous
modeling efforts have usedga sirgle equation for the EC driven current [29, 30]. Our two-equation fluid closure for
the EC driven current théreforé restys in a model that is more accurate, particularly for the early evolution of the

rk we use JOREK and a reduced MHD fluid model
des*from their first development, through their saturation and

current.
We investigate the hys%\osequences of this two-equation fluid closure for the EC current presented in Westerhof
and Pratt [26]. This work is organized as follows. Section II summarizes the physical model implemented for EC
current and the magnetohydrodynamic fluid model and numerical models used in the JOREK code. Section III describes
the simulationsfof 2/1 tearing modes performed with JOREK. Section IV presents our numerical results for the early
dynamics of th urrent. In Section V we discuss implications of these results.

s II. PHYSICAL AND NUMERICAL MODELS
-

5 A. Physical model for electron cyclotron current

e loy the fluid closure described in Westerhof and Pratt [26], which has been designed to model the Fisch-
Boozer® current-generation mechanism [27, 28]. Using this current-generation mechanism, the electron cyclotron
waves drive an excess of electrons at the resonant parallel velocity and at high perpendicular velocity. There is a
corresponding shortfall of electrons at the resonant parallel velocity and at low perpendicular velocities. These two
populations of electrons exhibit different collisionality, allowing a steady-state current to emerge. The source region
of this current cannot be equated with the region where EC power is deposited, but is extended along the magnetic
field lines crossing through the EC power deposition region. The current is then convected out of the region where
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l; issencrated. Thus the essence of our closure model are two current equations that describe the convection of the
.applied C current along the magnetic field lines:
Publishing

dj1 ) .
e —Sec = V1J1 + V) res V|| J1 (1)
0j . )
aif = +Sec — V2J2 + V) res V|| ]2 - (2)

and V| is the gradient parallel to the magnetic field. The current perturbations 4; and ja each have a source Se.,

In egs. (1) and (2) the parallel velocity of the electrons resonant with the electron cyclotron waves is given by V)|, res>
which is of equal strength but different sign for each current perturbation, coré;{);% to the amplitude of the
ve

current perturbation of the population of electrons that resonates with the E . Bhe source region of the EC
driven current is extended over a toroidal length equal to v|| yes/v1. For typicdl tokamak patrameters this corresponds
to O(102) toroidal revolutions. The regime of fast island rotation, where 14
rotating tearing mode that we study in this work. We thus adopt a form.for
localized. We model S, as a Gaussian distribution, centered at the re néﬁ surfage in the poloidal plane where the
magnetic islands begin to grow. The EC source has a constant amplit dunarrow standard deviation.

The different collision frequencies of the two populations of eleétrens t produce the current perturbations in
eqs. (1) and (2) are v; and v, respectively and v; > v5. The differénce in 1 and vs produces a difference in j; and jo
as these current perturbations evolve. The current perturbation ji“decaysJquickly over the distance vy es/v1, while
jo decays more slowly. This creates a net EC driven current f

o . ") (3)

which decays at the slower collision rate vo. After th source is applied, a short period of time is required for jec
to reach a steady-state value. It is this early period o plication that we examine in this work.

S~

B. A reduce fluid model in the JOREK code
.

We use the physical model for the EC ¢ W egs. (1)-(3) in conjunction with a reduced MHD model, which
is one of several MHD models imple d 1 the JOREK code. JOREK is a toroidal code that has the capacity to
accurately model the geometry and divemNistent with different tokamak designs. In the reduced MHD model
we employ, vector fields are represented in témms of the poloidal magnetic flux 1, the velocity stream function u, and

the parallel velocity v. The f@ic and velocity fields can be reconstructed from these functions using the
definitions:

1
/ / B = —é¢ X va—’_é(bB(b , (4)
v=é¢xRVu+v||1;. (5)

ctworoidal direction, and b is a unit vector in the direction of the magnetic field B.
the tokamak. The toroidal magnetic field By = Fy/R is held constant; when the toroidal

magnetic field j lar‘gp, thegeduced MHD formalism is accurate [31, 32]. The evolution equations [33] for the poloidal
magnetic flux d the/velocity v are:

ﬂ
0 0 . .
_\KS aif + Ru, ] = *Foﬁ +n(F —JBs,0 — Eo/n—Jec) (6)
ks paa—qt):fp(v'V)vap+ij+1/V2v, (7)

}?e Poisson bracket has been defined in the standard way as [u, )] = Ogudzy) — Ozudr. A resistivity and
viscosi y,\gfvon by 1 and v, are constant input parameters in these equations; their values in our simulations
will bg discussed in Section I'V. The equilibrium electric field is given by Eg. The equilibrium bootstrap current
JBs.o0 is not evolved in this work, allowing classical tearing modes to be produced. In eq. (6) the EC driven current
Jec 1s defined by our fluid model in eq. (3). Additional terms for drifts and two-fluid effects are available in the JOREK
code, but are not used in this work. JOREK solves the momentum equation (7) in the form of two separate

equations for the parallel velocity and the toroidal vorticity w = Vfwlu.

> 1, is appropriate for the non-
source Se. that is only radially

jec =

Here é4 is a unit
R is the major



http://dx.doi.org/10.1063/1.4964785

| This manuscript was accepted by Phys. Plasmas. Click here to see the version of record.
‘ s I REK is a compressible MHD code and solves coupled evolution equations for the density p and temperature 7T
- - 8
Publishing ==V (o) + V- (DLV1p) | 8)
t
oT
Por = —pv - VT — (k=1)pV - v+ V- (K, V. T+ KVT) .

Here K | are the parallel and perpendicular heat diffusivities, and x = 5/3 is the ratio of specific heats.
The perpendicular heat diffusivity is assumed to be small in this work. The parallel heat diffusivity is

temperature dependent. /

The toroidal current density jg, is also calculated at each time step from:
D\ ®)
i

t BDF1 (backward differentiation
cobi preconditioning, performed

jo = R*V - (R72VY) .

In our simulations using JOREK, the time integration is carried out using a fully i
formula) scheme due to Gear [34]. The preconditioning we use is a variant o
on a reordered matrix [35-37]. The spatial scheme is a finite element
The finite elements are based on bicubic Bézier surfaces, a generalization of cubic mite elements. The advantage of
this is that the finite elements are aligned with the equilibrium magneti {ix stirfaces [21]. In the toroidal direction,
a spectral method is used. For further details of the numerical moflels‘in thesgurrent JOREK code, we refer to Franck
et al. [32], Holzl et al. [38].

IIT. CLASSICAL TEARING MO EQLNIUQTIONS WITH JOREK
L

We produce simulations of a classical m/n = 2/1 tearigg mode where m and n are the poloidal and toroidal
mode numbers respectively. This 2/1 classical $gariig méde is produced in a circular tokamak with minor
radius @ = 1m and major radius R = 10m. The méximumbeta of the plasma is 3 ~ O(10~*). The resonant surface
is located at the point where the safety factor g = . NG ovher surfaces of rational q are located inside the plasma,
allowing us to study a pure 2/1 tearing mod t.% not interact with other tearing instabilities. A magnetic

ions

island is allowed to form from small fluctuat e Tesonant surface at ¢ = 2. We follow the growth of the
magnetic island through the exponential wth phase until the size of the magnetic island reaches a steady large
width, commonly referred to as saturation e téaring instability. Panel (a) of FIG. 1 shows a Poincaré map of
the poloidal plane in our simulations. {n«this“\igure, the magnetic island is shown at the point of saturation, when
it has reached its largest size. Panel (b) %PSQ shows the outlines of the magnetic island in a visualization of the
steady-state EC driven current.

A magnetic island forms in a
commonly referred to as the res
or the reconnection layer [e.gf
scales as the ratio of the re
that our classical tearirrf{no imu%tions produce the expected results, we compare the width of the resistive layer

with well-known scali
JOREK simulations wi

1
re layer, or alternately has been referred to as the tearing layer, the singular layer,
Following Porcelli [41] eq. (49), we note that the width of the resistive layer, d,

an}éiyer around the resonant surface where resistivity is important. This layer is
iv

s ba
'(Mwell—known 2/5 scaling of the resistive layer width with resistivity [42] when viscous
en resistivity is low and viscosity v is high, the resistive layer width is expected to follow
a theoretically ined viscoresistive scaling [41] with 7. JOREK simulations also produce this 1/6 scaling with 7
in the correct yég observe that when resistivity is large, the resistive layer is also large, and this affects the
formation of ma slands. This increase of the resistive layer width is clearly shown in FIG. 2(a). In this high
resistivity regime, the theoretical scaling laws no longer apply.

Our examination of the resistive layer width sheds light on the high resistivity regime. At very high resistivity,
i r}growth rate no longer scales as v ~ 7°/%; it displays a “hook” as resistivity is increased above
—5(m, as'shown in Haverkort et al. [25]. The resistive layer width, which rapidly increases above 1 ~ 10~°Qm,
s a physical explanation for this reduced growth rate. A large and diffuse resistive layer impacts magnetic
ré¢connection dnd the early growth of the tearing instability. The tearing stability parameter A’ is calculated by
magce of the ideal MHD linear solution outside of the resistive layer to the resistive MHD linear solution inside
the registive layer. When the resistive layer obtains a sizable width, higher order corrections to the tearing stability
parameéter become important, and the mode grows less rapidly.

In addition to comparison against well-known scaling laws, we benchmark JOREK results for classical tearing modes
against the linear stability code PHOENIX. Panel (b) of FIG. 2 compares results for the resistive layer width at zero
viscosity produced using the JOREK code and from PHOENIX simulations, obtained from Figure 7.13 of Haverkort
[24] and from Haverkort et al. [25]. These codes show close agreement in the regime of moderate resistivity, diverging
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FIG. 1. A Poincaré map (a) of the poloidal plane of the citcular am"cﬂ? in simulation T1 . Shown in blue is the magnetic
island formed by the 2/1 tearing mode at the point where t have Gome to saturation, and are at their largest width. The
fc

gﬁ

separatrix is plotted in pink. The nearly-concentric surfac stant magnetic flux outside the magnetic island are plotted

in purple. A visualization (b) of the EC driven curre iut\ghol:)ni al plane of the circular tokamak. The EC driven current
spreads along flux surfaces, filling the magnetic island imsgimulatien F3.

only mildly at high resistivity. As part of{this lf>hm\arking effort, convergence of the width of the resistive layer
based on the number of finite elements in t oloidal plane and the number of harmonics in the toroidal direction
were carefully tested [for further detail, see 25].

After the exponential growth phase t s%bukh of the magnetic island width slows. Typically a phase of linear
growth, known as the Rutherford phase, is%expected. After the Rutherford phase, the island begins a process of
nonlinear saturation [e.g. 44]. ForSimulations with low viscosity, we observe that a shallow oscillation in the maximum
width of the island occurs for $eme time. A similar oscillation was also recently observed by Poyé et al. [45]. This
oscillation in magnetic island/widthu

£
/ / IV. RESULTS

We perform a suife omons that vary in toroidal resolution, represented by the number of toroidal harmonics
N used, and in tife magnitude of the EC source, denoted by max(Sgc). These simulations are all of an identical, large
ak with low plasma beta 3 ~ O(107%). The viscosity v = 4 - 10~°kg/ms used in these
i ibfzo that it does not affect the tearing mode growth rate. The resistivity n = 2.5 - 107°Qm

n is expected by experiment, which is helpful for numerical efficiency, and not expected to

V1, g are set to constants determined by comparison with a Fokker-Planck code, as described in
ratt [26].
e EC source so that it targets the resonant surface for the 2/1 tearing modes on both the inward and
giﬁ:les of the tokamak, we defined it as a Gaussian distribution centered at a fixed value of the poloidal
ic flux 1, normalized by its values at the axis of the poloidal plane and the outer boundary. The standard
1 of this EC source is 0.08 in units of the normalized poloidal magnetic flux; this is approximately equal to
0.08m and remains constant throughout our simulations. We find this width of the distribution to be well localized
within our saturated magnetic island width.
The parameters for the suite of 8 simulations are summarized in Table I. In each simulation, the number of finite
elements in the poloidal plane is 8281. This is significantly higher poloidal resolution than is required to resolve the
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FIG. 2. The width of the resistive layer § vs the resistivity n for (a) reduced-MHD JOREK simulations with different values of

the viscosity v and (b) identical simulations at vigco = 0 performed with a reduced-MHD model in JOREK and with the
linear stability code PHOENIX [43] in the %&)Klimit. Heavy black lines show the theoretically predicted resistive scaling
of n?/® and visco-resistive scaling of n'/¢.
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FIG. 3. The width of the magnetic island w vs time during the nonlinear saturation phase for simulations that are identical
except for the magnitude of viscosity.
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AI I TABLE I. Classical 2/1 tearing mode simulation parameters. *
Publishing Simulation S1 S2 S3 P1 P2 P3 NI Tl T2 T3 F1 F2 F3
toroidal harmonics N 3 3 3 6 6 6 9 13 13 13 21 21 21

source max(Sec)(10° A/m?s) 0 7.94 794 0 7.94 794 7.94 0 7.94 794 0 7.94 794

2 For all simulations v1 = 9.47 - 103 Hz, vo = 1.99 - 103 Hz, @ = 1m, R = 10m, toroidal magnetic field By = 1.945 T, and the number of
finite elements in the poloidal plane is 8281. The resistivity is n = 2.5 - 1076Qm and viscosity v = 4. - 10~ kg/ms.
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FIG. 4. (a) Early-time evolution of the m gnitu\%e total EC current je. as well as the magnitude of its contributions j;
and j2. (b) The width of the magnetic is d‘dqi%\th period where the EC current is relaxing toward a steady-state value.
Results are from simulation P3, described in Table

er number of finite elements is used to resolve the finer-scale dynamics of
ordidal modes n = 0,1,..., N are simulated. The lowest number of toroidal
harmonics used in the si tiohs in Table I is N = 3. During benchmarking, we found that the dynamics of the
exponential growth ph?z of thegnaghnetic island were well-resolved using N > 3.

dynamics of the magnetic island;
the EC current with high puécision.

=

5 A. Early evolution of the EC driven current

Two distinct ti 1( scil;s exist in the evolution of the EC driven current, related to the two collision frequencies vy
setwo tigefscales can be observed in the early time evolution of the total EC current jec in panel (a) of

morg slowly evolving current perturbation, js, more than 1.4ms is required for the current to reach a
in 1.4ms, the magnetic island width in simulation P3 is reduced to approximately 77% of its width
at sat ation?he early evolution of the EC current can cover a significant period of time in our simulations. This
i reflection of the relatively high resistivity; at a resistivity realistic to experiment, these time scales are
1 to be more disparate. The drop in island width during suppression of the tearing mode is shown in panel
IG-“4. We note that in order to resolve this fast evolving current, a time step of approximately 2 - 10 #ms is
. The evolution of the total EC current does not change when significantly more resolution is used, either in
the finite elements of the poloidal plane, or in spectral harmonics in the toroidal direction.

In some early studies [e.g. 46] the EC driven current was assumed to be a function of the magnetic flux . For the
simulations described in Table I, the time for the EC driven current to spread along flux surfaces is approximately
the time for it to be convected along the magnetic field lines; this time scale is faster than the collisional time scale
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ich the current reaches a steady state, so the steady-state EC driven current will tend to an equilibrium

on the flux surfaces. In the general case, the EC current will vary with the amplitude of the total

Pum'ﬁhlg,ﬂ)& ic field B on the flux surfaces, and j../B will be constant on the flux surfaces. However, the

present investigations, like earlier studies, have been performed in a large aspect-ratio tokamak; in

this situation j.. is independently expected to be approximately constant on the flux surfaces. We

note that in our simulations, an n = 0 EC current source term creates an n = 1 component of the

EC current as the convection results in equilibration of j.. over the flux surfaces inside the magnetic

island. During early evolution when j.. is growing and spreading along magnetic flux surfaces, however, it is not
expected to be a function of the magnetic flux.

To examine how far je. is from a flux function, we define a measure ¥, the ﬂux{(nction error, such that

Y= <o—jec/3ec> . (10)

Here 0jec is the standard deviation of je. along a surface of constant maguetic flux. The average of the EC driven
current along that surface is je.. The brackets (...) indicate an average of the ratig over all closed magnetic flux
surfaces inside the magnetic island. Thus ¥ measures in a global sensefhow, far is from being a flux function. At
the separatrix, the field-line connection length approaches infinity; thesgon Lb,u%.on to ¥ should therefore be largest
there. We observe that the largest contributions to ¥ are from ma, surfaces near the separatrix; interior to
the magnetic island contributions to 3 are smaller but exhibit no klear trend:

Panel (a) of FIG. 5 shows how ¥ evolves in time for simulations that use different numbers of toroidal harmonics N,
but otherwise have identical parameters. In each of these simgilations, Y«isiinitially high. After approximately 0.2ms,
Y has dropped to a steady, much lower level. Before this steady levzbof flux-function error ¥ is reached, ¥ changes
non-linearly, and sometimes non-monotonically, as the EGidriven current spreads throughout the magnetic island.
The final level of ¥ is lower for simulations with a larger number (%T‘toroidal harmonics N. This implies that once a
steady state EC current is established it is close to QM 1, with some small constant error. As the toroidal

c
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direction is better resolved, the approximation of the it as a function of the magnetic flux also becomes a

better approximation.
For the simulations in panel (a) of FIG. 5 the soumpﬁtude for the EC driven current, max(Sgc), was chosen
eri

to be 100 times smaller than a typical tokam nt. For this source amplitude the magnetic island is not
meaningfully affected by the application of the‘¢uirent, Panel (b) of FIG. 5 compares X for simulations P2 and
P3, which differ only in the source amplit ec); simulation P2 uses the same low source amplitude, where
simulation P3 uses a source amplitude pne h d times higher, in the range of a typical tokamak experiment. For
simulation P2, a constant value of X Rﬂ%@e contrast, in simulation P3, ¥ continues to drop slowly as the
magnetic island shrinks, and magnetic fluxsgurfaees evolve under the influence of the applied current.

Warly suppression of the tearing mode

When ECCD is applied, the widthfw of the magnetic island immediately begins to shrink proportionally to the
magnitude of the curredt.“ln FIG6, panels (a) and (b) follow the width of the magnetic island during the phase where
the fast-evolving cur Qﬁer bation j; is relaxing toward a steady-state, in two independent sets of simulations that

torol

use a moderate number | harmonics, and a high number of toroidal harmonics respectively. In each panel,
lines are drawn ofv the evolution of island width for no ECCD (solid line), for a small amplitude of EC driven
current (dashe a driven current amplitude that is one hundred times larger (dotted line). The local

ately

slightly.diffe
exhibit

to be mdependent of the number of toroidal harmonics N.

shallo {owing or shrinking even before ECCD has been applied. For simulation P1 the maximal amplitude of

ion 18 1% of the saturated island width. Therefore to compare the size of the island shrinking under the
of ECCD in simulations P2 and P3 precisely, we need to consider the value of dw/dt from simulation P1,
an identical simulation with no ECCD. We define the compensated time derivative of the island width:

1 d
v ) (1)
no ECCD

Jec(t) dt

dw

with ECCD dt

(e
comp jec(t) dt
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FIG. Width of the magnetic island during the period where the fast-evolving current perturbation j; is relaxing towards

its steady-state value for (a) simulations with 6 toroidal harmonics: P1, P2, and P3, and (b) simulations with 21 toroidal
harmonics: F1, F2, and F3. Solid lines indicate simulations with no applied ECCD. Dashed lines indicate simulations with
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FIG. 7. The compensated time derivative of the island%ar&ﬁary units for simulations S3, P3, T3, and F3.

comparison between simulations with different lev applied EC driven current. The compensated time derivative

of the island width is plotted in FIG. 7 for four<si ns that use increasing numbers of toroidal harmonics but
otherwise have identical parameters. Because tlig results in FIG. 7 are similar, we conclude that the suppression of
idalidi

By dividing by the total EC current, this definiti o%ndpensated time derivative of the island width allows for
els
ulati

the magnetic island is well-resolved in the irection for each of these simulations.

From FIG. 7 the multiple time scaleg of o rsteal problem are evident. On the fastest time scale O(10~!ms),
also FIG. 5) and the fast evolving current perturbation j; reaches
a steady state (see also FIG. 4). If the e he EC current on the island were entirely produced by its helical
component, as discussed in Westerhof et al. {47], then the compensated time derivative of the island width would

island width reaches a const
local EC current diffusion ti

TECdiff = M00'2/Tl , (12)

where o is the standard d%o the Gaussian-shaped EC current source, and pg is the permeability of free space.
For all of the simuldtionsjin in Table I, we find 7Tecqiff & 0.32ms. The evolution of the compensated time derivative of
the island width an

local EC current diffusion thus act on similar time scales. This suggests that a contribution
ed n = 0 component of the EC current also acts through the mode stability. To examine
e repeat simulations P2 and P3, allowing only the n = 0 contribution of the EC current
magnetic island evolution. In these test simulations, we find that the island is suppressed on

anie time-scale as when all n modes are allowed to affect the magnetic island evolution. Therefore
&ed n = 0 component of the EC current significantly impacts the tearing mode suppression in our
ring the current density profile and thereby the tearing mode stability parameter. A

V. SUMMARY AND CONCLUSIONS

Using a two-equation fluid model for the EC driven current derived by Westerhof and Pratt [26], and a 3D reduced-
MHD fluid model in the JOREK code, we have numerically shown that the steady-state EC driven current je. is
approximately a function of the magnetic flux in a large aspect-ratio tokamak. High resolution in the toroidal
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iion is required to accurately produce this applied current as a flux function. When a lower resolution in
e toroidal direction is used, the applied current varies from a flux function by an error that we find is typically
@hd(ﬂgl ly small for N > 6, and decreases as N is increased. For N = 6, when a higher amplitude of EC driven
current 1s produced, the steady-state je. is closer to a flux function.

Although how evenly the steady-state EC driven current spreads along surfaces of constant magnetic flux is sensitive
to the toroidal resolution, any error in the form of the applied EC current due to the toroidal resolution appears to
have negligible impact on the size of the island during the early period of suppression of the tearing mode.

An interesting aspect of the two-equation fluid model that we use for the EC driven current is that it captures the
early evolution of the EC driven current with better physical accuracy than previously-studied single equation models.
The full early evolution phase, before the total EC driven current je. reaches a %t!gu’dy—state7 corresponds to a drop
in magnetic island width of approximately a quarter relative to its saturated size.*Befere the j; current perturbation

, norys it theoretically expected
m the island on the time scale of
compensated time derivative of
the island width, which we define to compare tearing mode suppression jin di ulations, evolves over the EC
current diffusion time scale, which is a longer time scale than for the relaxatipn of 75, Using targeted test simulations,

reaches a steady-state, the EC driven current is not a function of the magneti
to be. We find that the applied current spreads along magnetic flux surface

smaller contributions from higher n components of the EC currentf

Due to our two-equation fluid model, the early evolutio current differs from, and is more
accurate than, those produced by either a simpler gme-edqgatiod fluid model or a fluid model that
includes only diffusive terms [e.g. as investigated by ﬂbﬂowe , in the simulations presented in this
work, the stabilization of the magnetic island measpur y drop in island width proved insensitive
to the form of the EC current during this early ph WE_ us expect that a simple diffusive model
for the EC current would have a similar effect du islarg stabilization in the same setting. Our results
apply for a continuous waveform (CW) EC source t only in the radial direction of the poloidal plane.
Future investigations that use a modulated EC source,“oca both in the poloidal and toroidal directions, may
produce differences. Investigations of X-point an ect-ratio geometries are also planned.
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