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Abstract. Experimental observations in tokamaks operated in hybrid regime revealed that the presence of a
rotating neoclassical island substantially reduce the occurrence of sawteeth. Three mechanisms relevant to the
possibility of a rotating magnetic island driving counter currents in tokamaks are investigated, with two mecha-
nisms driving sufficient current to prevent sawteeth. They rely on establishing a parallel electric field by the
rotating neoclassical island. First is the excitation of an electrostatic side band through diamagnetic and curva-
ture drifts; second is excitation of the kinetic Alfvén wave through the polarization drifts. The third mechanism
is modification of energetic particle distribution function by the neoclassical island, which is found to be rela-
tively weak.

1. Introduction

The hybrid discharge scenario is an attractive operating regime for ITER operation. It can
operate near the n=1 stability limit with good confinement and maintain near steady state.
The projected ITER performance is at or above Oy, o, = 10. It is projected to be compatible
with sustained ignition in ITER. This discharge scenario has been observed in many devices,
i.e., DIII-D [1-3], JET [4], ASDEX-U [5], and JT-60U [6]. It is important to maintain the
current profile at steady state. One desirable goal could be the elimination of the sawtooth. In
experiments in DIII-D and worldwide, an intriguing correlation of the existence of a
neoclassical island with reduced activity of sawtooth has been found. The magnetic island
does not adversely affect plasma confinement, yet it is correlated with the reduction of the
sawteeth oscillation. Apparently, the rotating neoclassical island provides a mechanism for

negative current drive near the plasma center which prevents further drop of the central ¢,
below 1 that would ordinarily trigger sawteeth.

This conjecture is verified in a careful accounting of the current components during a hybrid
discharge with a rotating island. The predicted driven currents according to transport analysis
are compared with observed fitted current profile and shown in Fig. 1 [3]. The total amount
of negative current (in red) is ~50 (kA) and is about 5% of plasma current and localized
inside the island radius. The amount of negative current, although small, is what is needed to
make g, = 1. The purpose of this work is to explore the physical processes due to the rotating
magnetic island which contributed to the negative current drive.

A rotating magnetic island can be viewed as an antenna embedded in the plasma. It emits
Alfvén waves in the plasma at the rotation frequency of the island. The general theory of
Fisch and Karney [7] pointed out that for current drive, it is crucial to determine the parallel
electric field. The perpendicular electric field is readily deduced from observations and the
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MHD equations. The parallel electric field is zero in
the MHD approximation and must be determined " ;
from kinetic theories. We followed Rosenbluth and

Rutherford [8] to derive the general relationship
between the parallel and perpendicular electric fields
in a rotating plasma. Kinetic theory determines the
parallel electric field resulting from the polarization,
magnetic and diamagnetic drifts resulting in two
different kinds of parallel electric fields.

Our results are: first, the rotating neoclassical island F ]
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can drive side band parallel electric fields through _—q=3/2
charge separation due to magnetic curvature drift -1 : . : . f
which can drive subtantial counter current that pre- p

vented the occurrence of sawtooth. The driven current ~ FIG. 1. Current density deficit

is predominantly carried by the lower sideband. It is  (colored curve) in a hybrid DIII-D
particularly large when the central g, value is near 1 ~ discharge shot 117740. The Joqy is
and the ¢ profile is flat. Second, the parallel electric ~ obtained from the EFIT equilib-
field driven by polarization drift is usually negligible, ~ 1um code. The expected driven
However, when this charge separation results in the cu.rrenth}sl;from dt.ratnilp ort cocie ?nal-
excitation of the kinetic Alfvén wave (KAW) [9] then ésﬁil\:z 1cb0 (irsi’r;; eané:u]izr:ns drr?\rll;
the driven current can still be appreciable. The KAW sh(;wn N .

can be viewed as a set of normal modes that are ohm T “boot 7 Theam
excited by the rotating neoclassical islands. Similar to curvature drift, this process requires a

rotating island, with central g, value very close to 1 and the g profile being flat! Third, in
tokamaks, substantial amount of current is driven by the NBI injected energetic ions. NBI
driven current can be reduced if the energetic particle distribution function can be broadened
by the neoclassical island. We studied this process using the ORBIT code [10] to follow the
redistribution of the ions by the rotating magnetic island. We did not find any additional
resonance of the energetic particles with the magnetic perturbations. The energetic ions very
quickly come to equilibrium with the perturbed magnetic field with its density distribution
slightly broadened. This process cannot account for all the observed counter currents.

2. General Relations for Currents Driven by an MHD Wave

A rotating magnetic island can be viewed as an antenna embedded inside the plasma which
emits MHD (Alfvén) waves to the surrounding plasma. Fisch and Karney [7] have provided a
quasilinear theory for computing the current driven by waves in general. The driven current

density J is directly proportional to the dissipated power density P, by the universal formula

J/e”OUTez _ 8 01402 (1)
Pd/me’lOVeUTe W,

In Eq. (1), n, is the plasma density, w, = (w§, )/kjvr, is the phase velocity of the wave relative

to the electron thermal speed in the frame of the electron fluid. v, is the electron-ion collision
frequency. The dissipated power density is given by Py =-mgn, f Dy (9f /vy )dv . The

quasi-linear diffusion operator is given by D= (e’ (EHZ))/ mZv oAk with v, being the
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parallel velocity of the resonant electrons and Ak being the spread in wave number of the
oscillating external wave. For a Maxwellian electron distribution

nyme <E”2>ex (mfs)z (wfs)z
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Quantities in Eq. (2) are readily obtained from experimental measurements, except E,. We
have to relate it to the observed MHD oscillation associated with the neoclassical island.

In MHD, E, is easily obtained. The perturbed magnetic field 8B is related to plasma

displacement E through 8B = Vx(ExBO) Here BO is the equilibrium magnetic field. E may
be regarded as known for instance from ECE emissions. In this work, we also assume the
electric field may be represented as E =-V ¢ -V or Ej=-V. For a m/n island with
(poloidal, toroidal) mode number (m=n+1, n), rotating with a constant velocity wy relative to

the plasma, (tacitly assuming m/n=3/2, easily generalized to different m/n values) we can
obtain ¢ from the perpendicular component of the induction equation,

_ 01BoSy 3)
ky

ky, and k, are the (parallel, perpendicular) wave numbers. The fluctuating potential given in
Eq. (3) generates charge separation through the polarization, magnetic and diamagnetic drifts,
resulting in charges that reflect the mode structure of the perturbation ¢. The electrons and
ions will move along the field line to reduce these charge accumulation. For a given
perpendicular electric field, the parallel electric field is determined by the charge neutrality
condition. Because particle motion along the field line and the drifts across the field line
depends on the field line geometry, this charge neutrality condition has an important implicit
dependence on the field line geometry. In particular, these drifts may result in an enhanced
response to ¢ and this gives rise to the excitation of new modes (the KAW) in the system.

Using the drift kinetic equation, we generalized Rosenbluth’s and Rutherford’s [8] derivation

of the response of the distribution function to the perturbed potential. The diamagnetic effects
and plasma rotation were included. For the ions we obtain

i il o- I;?ng(wlspzvz (@ D>)[ )cp [1+ehz(ch)] 1-
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where Cl) = ((”Is) / (’\/§|k|||"UTi), p; is ion Larmor radius, ( ) average over velocity space, and
plasma dispersion function Z(¢) = (1/4/n) [%, [exp(—ﬁz)dﬁ / (B- C)] In Eq. (4), the potentials
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¢ and v are spatially dependent functions. The diamagnetic drift &; = (iTi / B|e|lw)(l;xfp : V),
with /,, being the density scale length, b the unit vector of the unperturbed magnetic field, )
the unit vector normal to the flux surface; and (u%) = —i[mi(MB+ vﬁ) / |e|B2] bxVB-V are

operators on perturbed potentials. There is also a non-negligible current carried in the central
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plasma region, we note that the wave is moving at a different frequency, wf;, relative to the
electrons. It is easy to write down the corresponding density perturbation for the electrons.
After canceling out the charges from the w* term (direct ExB motion), the charge neutrality
condition is easily written as

~

& 7 C0 T, B
ol ) _ETfFU)tSkll(wIspsVZ < D>)(l—§))—;s]q) . (5)
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Here, C_ includes the modification to ¥ due to parallel velocity. We emphasize again that
Eq. (5) is for general spatial dependence for both ¢ and y and the drifts should be treated as
operators. We specialize to the limit in which the wave phase speed is much less than the
electron thermal speed. The operator operating on ¢ in Eq.(5) is dominated by the
contribution from the ions. If we also assume that the wave speed is faster than the ion
thermal speed, the operator operating on 1 is dominated by the electrons. In this (drift wave)
limit, which is expected to be the most important frequency regime, we may formally solve
for 1 in terms of ¢

Do N T. < D> D
V=- [1+ CeZ(Cg)][l - f] “elp2y2 (1 - —f]¢ . (6)
Org Ti Org Org
Substitution of Eq. (2) into Eq. (1), and using Eq. (6) to express the parallel electric potential

Y in terms of the perturbation potential ¢, and further use Eq. (3) to express ¢ in terms of the
plasma displacement, we can obtain an expression for the driven current density J.
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In the above formulae, the f| factors are determined by ion dynamics; the f, factor determined
by electron dynamics. We separated the f| into two terms, since these are from different
origins. f,; has its origin from polarization drift and is diagonal with respect to the poloidal
mode number; whereas f, has its origin from magnetic curvature drift and is off diagonal
with respect to the poloidal mode number. The effect of these terms can only be added after
they are squared. Although the form of f is the same, but the proper poloidal mode number
should be used in its evaluation together with the f| term. It is interesting to note that as a

function of w,, the variation of f is very simple, as shown in Fig. 2 (after ignoring first the
small o}, factor). It is seen that f, ranges between 8 and 18, for w, varying between 0 to 3.5.
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Beyond w, = 4, this factor is essentially 0. Due to the = ,,

18
16

amount of current driven negligible. f|, is also small, 14

2,2)? - 4 -
factor(k J.pi) , fi1 1s very small ~10™ making the

but it scales as (p,/R)’, therefore, is larger than f, . f,,
can only become large through mode conversion when

fy

8
k, changes. 6
4
3. Current Drive Through Magnetic Curvature 2
Drift Induced Charge Separation T 3 1 s

In tokamaks, IBl is non-uniform. The magnetic
curvature drift is parallel to the axis of symmetry. For
a magnetic island with poloidal and toroidal mode
number m/n, charge separation due to magnetic
curvature drift has mode numbers (m+ 1)/n or
(m - 1)/n. In the limit of circular tokamaks with ¢(7) given by ¢(r)exp(ing - imb), the upper
and lower sidebands of the perturbed parallel potentials shown in Eq. (5) are given by

1 [, o 1 m+1, _ 93¢
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FIG. 2. Variation of f; as a

function of w, — the phase

velocity of the wave relative to
the electron thermal speed.

(10)

To further elucidate the nature of this curvature-

drift sideband coupling current drive process log, driven current (A) vs qg and gy,

and to obtain a realistic estimate of the total 23 J

. S N g =
amount of driven current, we evaluated Eqn (7) 3spat TS i
through (9), using Eq. (10) for 1 for a large
aspect ratio circular tokamak with parameters 3.0k o -
relevant to DIII-D. More specifically, we took o [ % g S

I~ ac)
DIII-D parameters with B=1.75T, T, =4 keV, ° 251 /2
T,=T7keV, ol = 1.5x10*s, wf = 4.5x10"s,
2.0
InA =10, w,= 3x10%s, p,= 4x10° m, r = 5
_ . . /”)'

0.3 m, f,=15. The g profile is issumed to be h 105 T10
given by g=gqo+ (1.5-¢¢)(r/r;) 7. The results q
are shown in Fig. 3. The neocl‘assical isl‘and is FIG. 3. Amount of counter current driven
assumed to be a m/n=3/2 island, with an by a rotating neoclassical 3/2 island
amplitude half width of 3 cm. It is seen that a through induced charge separation due to
substantial amount of current can be driven by magnetic curvature drift plotted as a
this process. Most of the current comes from the function of the central g, value and the
lower sideband. When the g, value gets close to flatness of the ¢ profile. The parameters
1, the parallel wave vector can become small chosen are appropriate for DIII-D. The

driven current is mostly due to the lower

and it becomes very efficient in driving the (2/2) sideband electric field.

current. When g, becomes sufficiently close to 1
and the g profile is sufficiently flat, with oy ~ 3,
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the driven current can be up to 50 kA (note the green curve marked 4.5 for the logarithm of
the total driven current in Amperes). It is expected that a slightly hollow ¢ profile, with
qmin ~ 1 located slightly off axis would result in more driven counter current.

4. Current Drive Through Excitation of Kinetic Alfvén Waves

The KAW is a plasma wave excited by the Alfvén wave through mode conversion at the
Alfvén resonance. Contrary to previous works utilizing externally generated Alfvén waves by
an antenna, in this study we focus on Alfvén waves generated by the rotating magnetic island
and its rotation relative to the background plasma [11]. We kept terms up to 4th order in the
ion Larmor radius. The resultant equation can be written in the following form:

3k

L Os
(Di
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1 (1- o )(mme)
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i
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Only terms affecting the structure of the Alfvén wave and the KAW are shown. The V4q) term

2

is usually p: kJZ_ smaller than the 2nd order derivative term and negligible. Near the resonance

of the Alfvén wave given by (”ils((”ils —m?)—k“zvi =0, the V*¢ term facilitates mode

. 1/3
conversion. The scale length becomes L = (piz[(Te /T) + 3/4](u)is [2nw A)(dr/dq))/ . Then
the 1|, factor in Eq. (8) is modified to

6Dependence of Driven Current on q Profile
10 T
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A is an amplification factor resulting from mode //
conversion. Equations (7), (8), (9), and (12), give 102/
the expected KAW current density driven by the Ly o200 25 303540
q

m/n island after mode conversion. Integration of
the current density given in Eq. (7), then gives the =~ FIG. 4. Numerical computed driven
total amount of current driven by mode conversion. ~ current as a function for equilibria with
We also solved Eq. (11), with the inclusion of the 9o =1.002 and g profile parameter aq.
diamagnetic effects and the kinetic damping terms ~ Selid lines do not include the kinetic
and with parameters appropriate for the DIII-D dis-  (e™ms. dotted lines do. It is seen that
charges as given in the previous section. The factor the total driven current depends sensi-
A has been found to be very sensitive to the ¢ tively on the g profile. The reason

. s . being that the Alfvén wave and KAWs
profile. Shown in Fig. 4 is the total amount of developed a resonant cavity mode in

driven current as a function of aq for go = 1.002. the region inside of the g = 3/2 surface.
The (dotted, solid) lines are results (with, without)
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the diamagnetic and damping terms. It is seen log, of driven current vs g, and qexp
that the structure of the parameter space is 40—~ ]

basically not determined by the kinetic terms,

manifesting a set of eigenmodes in the system. 35

We also see that there are parameter regions with

substantial amount of driven current up to 10* to 3.0/

10° A. Since the parameter range for large o

amount of driven current is narrow, we expect
these current drive processes to be intermittent.
Shown in Fig. 5 is the variation of total amount

250

of driven current as a function of g and also aq. 1.5
The large current drive region in the parameter

space is clearly connected and showing the

resonant nature of the process. Within these  FIG. 5

0.996 0998 1.000 1.002 1.004
qo

. Numerical computed total driven

strong current drive regions, the plasma becomes  current as a function for equilibria with gy

a resonant cavity for the system of AW-KAWs. and ¢

profile parameter ag. The (green,

Even a relatively small amplitude of 2/2 com-  blue, red) curves bound regions with total

ponent at the 3/2 surface will give rise to a  driven
substantial driven current. We note that the  These
predicted amount of driven current could modify
the ¢ profile and could be experimentally
observable [12].

current larger than (1, 10, 100) kA.
regions are connected showing the

trajectory of the resonant mode.

5. The Effect on the Energetic Particle Distribution Function

The neoclassical island and its associated side band oscil-
lations is also expected to affect the behavior of energetic
particles which could in turn also affect the current drive
process. This effect is studied using the Hamiltonian
guiding center particle code ORBIT. The magnetic geome-
try used is the DIII-D equilibrium with magnetic perturba-
tion as described in the previous sections. The resultant
magnetic field line structure is shown in the Poincare plot
Fig. 6. The 3/2 island structure is clearly visible with
minimal stochasticity. The study followed the particle
trajectory of up to 2 million particles. Starting with an
initial particle distribution within the unperturbed 3/2 sur-
face, the resultant particle density is recorded after the new
distribution has reached a “steady state”. It is found that
the energetic particles reached a new steady state after just
completing a few toroidal turns in their orbit. The devia-
tion from the initial state is proportional to the amplitude
of the MHD perturbation. Also, this deviation is relatively
independent of the energy of the energetic particles. The
resultant density profiles of the energetic particles are
shown in Fig. 7 as a function of the assumed MHD pertur-
bation amplitude. All these are consistent with the
assumption that the energetic particles established a new
distribution that follow the perturbed helical MHD
equilibrium. No additional anomalous scattering by the

Poincare

100+
80
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40
20
N 0
-20 |
—40}!
—60f
80t

-100-

X

FIG. 6. Plasma geometry and
Poincare plot of magnetic field
line structure used in the study
of effect of magnetic per-
turbation of the 3/2 island on
the distribution of energetic
particles. The magnetic island

is clearly visible with minimal
field line stochasticity.
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MHD perturbations need be invoked. From ECE emission and from external Mirnov probes,
we may infer that the full island size is less than 10 cm. A simple calculation based on the
total area in which the energetic ions has to be spread out gives the reduction of the energetic
ion density within the unperturbed 3/2 region to

. . Dependence of Energetic Particle Density
be (4isiand/A1s = 2Ar/ris). This needs to be multi-

on Amplitude of 3/2 Perturbation

plied by a profile factor and also a fraction of 28
the neutral beam current drive factor. This — ,o — 30
gives ~10%-20% of the missing current. We Z = _i.g
conclude that although this process contributes X5 —20
to the missing current, this alone is not suffi- g
cient to account for the full missing current. El.o

St
6. Conclusion z 05
The motivation of the present work is the )
observation that in a number of tokamaks "0 0.2 0.4 0.6 0.8 1.0
operated in the hybrid regime, the presence of a v

rotating  neoclassical island substantially  FIG. 7. Density redistribution of the ener-

reduces the occurrence of sawteeth. This
indicates that the rotating island is driving
counter current at the plasma center. The
physical processes that lead to this counter

getic particles due to the rotating central
neoclassical island. The deviation from the
original distribution is proportional to the
amplitude of the perturbation.

current drive in present day rotating tokamaks

is investigated. Three mechanisms that contributed to this counter current drive were investi-
gated. Two of them have been found sufficient to drive the missing current transiently. These
processes rely on establishing a parallel electric field by the rotating neoclassical island. First
is the excitation of an electrostatic side band through diamagnetic and curvature drifts. Sec-
ond is excitation of the kinetic Alfvén wave at the plasma center through the polarization
drifts. The third mechanism is modification of the energetic particle distribution function by
the neoclassical island and has been found to be relatively weak and not sufficient to account
for the total missing current. Lastly, these processes are studied in the context of MHD waves
in general. They can be utilized in ITER for the stabilization of sawtooth.

This work was supported by the U.S. DOE under DE-FGO03-95ER54309, DE-FC02-
04ER54698, W-7405-ENG-48, DE-AC02-76CH03073, and DE-AC05-760R00033. The
author acknowledges discussions with Drs. L. Chen, Q.D. Gao, F.W. Perkins, A. Wang, and
K.L. Wong.
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