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Recent experiments showed a decrease of long range correlations during the application of resonant
magnetic perturbations (RMPs) [Y. Xu et al., Nucl. Fusion 51, 063020 (2011)]. This finding suggests
that RMPs damp zonal flows. To elucidate the effect of the RMPs on zonal structures in drift wave
turbulence, we construct a generalized Hasegawa-Wakatani model including RMP fields. The effect
of the RMPs is to induce a linear coupling between the zonal electric field and the zonal density
gradient, which drives the system to a state of electron radial force balance for large RMP amplitude.
A predator-prey model coupling the primary drift wave dynamics to the zonal modes evolution is
derived. This model has both turbulence drive and RMP amplitude as control parameters and predicts

a novel type of transport bifurcation in the presence of RMPs. The novel regime has a power

OB,

threshold which increases with RMP amplitude as 7y, ~ [T]z. © 2011 American Institute of

Physics. [doi:10.1063/1.3610547]

. INTRODUCTION

The H-mode regime is the targeted operating regime for
ITER. It is characterized by a transport barrier at the plasma
edge. However, edge localized modes (ELMs) threaten the
lifespan of the device wall and divertor plates, imposing an
excessive heat load on the plasma-facing components.

Several experiments show suppression or mitigation of
ELMs using resonant magnetic perturbations (RMPs).'™
RMPs are static magnetic perturbations of the equilibrium
magnetic field, produced by a set of external coils. The sup-
pression of ELMs has a resonant character and the applica-
tion of RMPs induces a collapse of the density pedestal,
termed “density pump-out.”

Although experiments are successful in mitigating ELMs,
the mechanism leading to this mitigation is yet poorly under-
stood. Global 3D numerical simulations of resistive balloon-
ing mode (RBM) show that RMPs stabilize relaxation
oscillations of a transport barrier, which have characteristics
similar to type-III ELMs (Refs. 6 and 7). Recently, experi-
ments in L-mode indicate that zonal flows (ZFs) are damped
during RMP activation.® This paper aims at providing a quali-
tative description of the role of RMPs in the zonal flow damp-
ing and to give an insight into a quantitative description of
this effect by, for example, scaling laws. Aspects of this work
are still ongoing. RMP effects on shear flows were previously
investigated numerically and analytically, in the framework of
the RBM turbulence model.’ In presence of RMPs, the flux-
surface averaged equations had two RMP-related terms, a lin-
ear zonal flow damping term Asp and a magnetic-flutter diffu-
sive heat flux Qsp.

In the framework of a drift wave (DW) turbulence
model in presence of RMPs, we show that while similar
terms are present, additional effects appear. In contrast to the
RBM model, these terms linearly couple the evolution of
zonal density and zonal potential, globally referred to as
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zonal modes (ZMs), through the generalized Ohm’s law. The
physical mechanism is the following: without RMPs, on
mesoscales, the perpendicular dynamics decouple from the
parallel dynamics: zonal flows (e.g., polarization electric
fields) are spontaneously generated, through the Reynolds
stress, so as to ensure ambipolarity (i.e., charge balance) on
mesoscales. Their growth is limited only by neoclassical
drag. In presence of RMPs, on mesoscales, the perpendicular
dynamics does not decouple from the parallel dynamics, due
to the radial scattering of electrons along perturbed magnetic
field lines. We define zonal modes as m =0, n =0 long-range
correlated fluctuations of potential and density. Long-range
correlated fluctuations of potential, also known as zonal
flows, are routinely observed in fusion devices.'® Although
m=0, n=0 long-rang correlated fluctuations in the density
have not been observed in tokamaks, experiments on a small
stellarator showed that such long-range correlations in den-
sity coexisted, and were approximately in-phase with zonal
flows.!' The essential physics of zonal flows is rooted in
electric field generation due to ambipolarity breaking. In par-
ticular, the net (integrated) vorticity “charge” Q in an annu-
lus—equivalent to the mean zonal shear on the scale of the
region’s thickness evolves according to

d -

e Lt m
where p,,; ~ p?Vi ¢ is the polarization charge density.
Thus, the effective shear is determined by the flux of polar-
ization charge. However, (V.p,,) is just the Reynolds
force, so the link between ambipolarity and zonal flows is
evident. As we will demonstrate, introducing a radial RMP
field creates a second channel for ambipolarity breaking
via radial electron current flow along B,,4;s. Stochasticity
of the magnetic field is not essential. The upshot is that
with RMPs,
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where the brackets refer to zonal averages, D = ”1 Thus,
flux of polarization charge and radial electron ﬁow can now
compete, so the ambipolarity is substantially altered. The bot-
tom line of this radial electron current is a coupled evolution
of zonal potential (@) and zonal density (n) described by
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This is the fundamental dynamical system describing zonal
mode evolution with RMP. Here, Dgyp = D)(0B, /Bo)z.
This paper is devoted to the derivation and analysis of this
system. The analysis proceeds by a modulational stability
analysis and the derivation of an evolution equation for the
drift wave turbulence intensity via wave kinetics. A variety
of simplifications are used to condense these to a dynamical
systems model, namely an extension of the familiar preda-
tor-prey equations, now extensively modified by RMP cou-
pling. That model is then analysed in detail.

The remainder of this paper is organized as follows.
Section II presents the model and the basic physics and for-
mulates and executes the modulational stability analysis for
zonal modes. Section III formulates and implements the
reduced dynamical system predator-prey model, analyzes the
system with the RMP, determines the new fixed points, and
discusses their transitions and stability. Section IV summa-
rizes the results and presents a final discussion.

Il. MODEL

In presence of RMPs, the Hasegawa-Wakatani equa-
tions, describing drift-wave turbulence can be generalized to

7+ {¢.n} = =Vi(n—¢), )
V2

8

D1 {022 ¢} = ~Viln—9),  (©

where the parallel gradient V| includes the effect of RMP
magnetic perturbations

VH = VHO + V~H. @)

Here, the parallel gradient perturbation is given (in the vac-
uum approximation) by

V~|| = {lﬁvam '}7 (8)

l//w denotes the magnetic flux generated by the RMP-pro-
ducing coils. In the following, we use the notation xp 1/
Upon flux-surface averaging, Egs. (5) and (6) yield
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The flux-surface average is defined as (...) = [[...dydz,
where y and z denote, respectively, the poloidal and toroidal
directions of a fusion device. We have added a collisional
drag u due to represent neoclassical flow-friction, given by

g~ — (11

with v* the collisionality.

To study secondary mesoscale zonal mode dynamics,
we focus on the quadratic term of the particle and momen-
tum magnetic-flutter fluxes, and can drop the terms involving
V0, so that Egs. (9) and (10) reduce to

0 o . . ~0 (-0
0 0? 0? ~
(5 1) g )+ 02 s (292

= D<kﬁﬁ% (&%(n - 4»)) > (13)

As usual, poloidal and toroidal symmetries of the zonal
modes are assumed a priori. The quantities (v.77) and
(vazl@ are, respectively, the (convective) particle flux and
vorticity flux, where the latter is linked to the Reynolds stress
via the Taylor identity

<‘7va¢> = 3. <‘7x‘7y>~ (14)

Assuming the zonal perturbations of density and potential to
be slowly varying in space, averaging of small (micro) scales
gives

)=~ 2 5) + Doe o () — (@), (15)

2 ~
1% (gt > % (9) = —pf%%'vi@
2
+DRMP@(<’7> —(¢)). (16)

Here, the coupling parameter Dg,,p is given by

Drup =Dy Y k2l (17
k

SBA2 2
Note that DRMP = DH<($§‘) > ~ XH<(6§\)
the effective cross-field heat conductivity induced by the
external RMP fields. Equations (15) and (16) state that the

> is very close to
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RMP linearly couples the zonal density and zonal potential
evolution (n.b. recall zonal potential is the zonal flow stream
function), in contrast to the familiar Dgyp — 0 limit, in
which the coupling is only implicit (i.e., nonlinear).
Equations (15) and (16) have two characteristic time-scales,
namely 77} and (DSM‘")
time scale in the absence of the RMP, i.e., the inverse of a
modulational growth-rate 7, = y,((¥)), and (DRM” ) "isa
characteristic diffusion time along the perturbed field lines.
Hence, zonal mode dynamics varies depending on

. Here, 77} is a typical zonal flow

ozp = 2 R";P much like collisional drift wave dynamlcs bifur-
VzF

cates into distinct regimes for different values of k”w L. This
analogy is developed further in Table I. Clearly, for
ozr < 1, the zonal flow is determined as usual by the com-
petition between Reynolds force and frictional damping,
while for azr > 1, the zonal modes tend toward a state with
(n) ~ (p), which corresponds to electron radial force
balance.

In fact, in the strong-RMP limit o,z — + 0o, adiabatic-
ity is restored on mesoscales: (n) = (@) and an equation
similar to the Hasegawa-Mima equation is obtained

0 0? 0
o (—p? 8525) + <<¢>>) + 5 ()
_ 2
AT N ST

This equation states that the zonal potential vorticity is con-
served, up to dissipation (neoclassical friction u), and nonlin-
ear energy transfers from particle and vorticity flux. Note that
[ dx ((¢) — p? g\i(@)—the radially integrated potential vor-
ticity is conserved up to dissipation and boundary terms.

One clear consequence of the (@), (n) coupling induced
by Dgyp is that the zonal flow will be damped by particle
transport. A physical perspective on the dynamics of the zonal
mode system for RMP may be gained by considering local
ambipolarity breaking or equivalently the dynamics of total
polarization charge Q. In the absence of RMP and other
magnetic fluctuations, it is straightforward to show that the
volume-integrated vorticity @ in an annulus of surface

TABLE 1. Analogy between the linear Hasegawa-Wakatani model and
zonal modes with RMPs.

Linear H-W Zonal modes with
model RMPs [Egs. (33) and (34)]
Coupling parameter D kﬁo Druppy >
Wy Vq
Dy 2
Strong coupling %o > 1 DRM+/)‘ > 1
()% q

adiabatic electrons
drift waves

electron forge
balance (E, )= a (n)1

D) k? D -2
Weak coupling % <1 %p‘"
k g

fluid electrons modified zonal flows

convective cell modes
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area A and thickness /, (n.b. [, corresponds to x), evolves
according to

dQ 0 .
— = — |dAdl, — (V:Gpa1), 19
dt J L oy (Palpol) (19
where 6, = Vzlq,’; is the volume polarization charge density.
Thus,
d -
7? —_— JdA (Fepon) |1 (20)

is simply the net change in polarization charge content in a
given region /; < r < [, due to the flux of vorticity thru that
region. Thus, the mean zonal shear on the scale Al=1, — 1, is
determined by the competition between the differential flux
of polarization charge and the decay of net polarization
charge, equivalent to zonal flow damping. With magnetic
fluctuations, either external or spontaneous, a second mecha-
nism of local ambipolarity breakdown is possible via the
flow of current (i.e., electrons) along radially tilted field
lines. In that case,

do

dr — JdA [(FcGpor) — (B @D

The two terms have opposite signs, since Q is an ion polar-
ization charge while j is carried by electrons. With RMP,

(B = (Br)(jy) + (B.J))- (22)
Here, B, and J) correspond to the usual electromagnetic fluc-
tuations (i.e., with high frequency time variation), while (B)
refers to the static radial RMP field and () is the radial
electron current along the tilted RMP field. This radial cur-
rent exhibits structure on mesoscales. Since

i = —%V\M) —n), (23)
then
0 == 522 (19) - ), 24
Since,
v = %JFBEO-VL. 25)

Thus, we see that

o _ JdA (¥, a,m,>+(<§';>)20

dt
= [ [ 5.0~ B3+ Do (61~ )

&)
|6%<<¢>—<n>>—<éxj>]

Iy

b

11.
(26)
Note that for Bix, J—0 (i.e., electrostatic turbulence), this

in essence recovers Eq. (16), while for Dgyp — 0, we have
(without assumption regarding Ohm’s law)
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In this case, the Taylor identity can be applied to both fluxes
to obtain

dQ B 0 . . 5 p \1k
E = — JdA E [<vay> - <B~’~‘BY>]11’ (28)

so the net change in charge content is just the net Reyn-
olds force differential and the Maxwell force differential
across the layer. For Alfven waves or “Alfvenized” turbu-
lence, %? vanishes. A corresponding approach may be
used to derive an expression for the total particle content
of the layer, which is equivalent to Eq. (15). Thus, we
see that the principal effect of the RMP on zonal modes-
especially zonal flows- is to introduce a second mecha-
nism for (local) ambipolarity breaking which can compete
against the familiar one of flux of polarization charge.
This second mechanism necessarily couples a standard
Ohm law for electrostatic drift waves with zonal potential
and density perturbations.

Now, we face the nettlesome problem of actually calcu-
lating something. To this end, we consider the modulational
stability of a zonal potential (i.e., flow) and density perturba-
tion in a background of ambient drift wave turbulence. As
usual, the zonal modes have radial wave number ¢ and
frequency €, while the drift waves have wave vector k and
frequency g, with |¢|<|k| and Q, < wy. The calculation
employs standard procedures, as described in Ref. 10.

Exploiting the scale separation, we introduce modula-
tions (denoted by a “0”) of the particle flux and Reynolds
stress as

or o
( or > o(n)  o(¢) ( (n) )
= ; (29)
oIl oIl oIl (¢)
o(n) ()
with the notation I' = (v,71), IT = (V,v,).

Applying a Fourier transform with radial wavenumber
¢, the system can be cast into matrix form

d ( ong, ong\
ORI R

where the matrix A, is given by

.ol

iq—
09,

r 2 2
q~—+ Drupq — Drupq

)
! ony
A, =
oIl 5 oIl
22— —D 2 D
q-p; oy wrd” 4 PA 50, +Drurq® + 1q° Ps
(31)

The mass matrix M, is

1 0
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FIG. 1. Analogy between zonal modes linear dynamics and coupled
dampers.

A. Linear dynamics

First, without considering the effects of particle flux and
Reynolds stress, the dynamics of the system (30) corre-
sponds to that of asymmetrically-coupled dampers [Fig. 1]

d
10 = —Hap”p} (91 — 08,), (33)

d
—q°p; (dt + u) 8¢, = —spq’ps(ong — 8¢,), (34

where we define the coupling parameter psz as

> k. (35)

T 52
PsVzF k

Drup D)
va VzF

Hsp =

Note that an estimate of the coupling parameter can be
obtained using the linewidth of ZF modulations Aw

1y ~ Dgrup
oB p%A(D

(36)

The asymmetry in the coupling, clearly visible on Fig. 1,
stems from the fact that zonal potential is collisionally
damped due to neoclassical friction u, whereas zonal density
is not. Note, however, that zonal density is non-linearly
damped due to turbulent particle diffusivity, but this is out-
side the linear analysis.

An analogy can be made between the structure of Eqs.
(33) and (34) and that of the equations for hnear drift-waves

[Table I]. Particularly, the strong-RMP limit 5 AN 0 is sim-

ilar to the adiabatic regime D(HU]% — 0 of the hnear drift-waves.
There are two differences between Eqs. (33) and (34) and linear
drift waves: the first difference is the presence of neoclassical
friction ¢ and the second one is the absence of a real frequency.
However, these differences do not kill the analogy.

The linear analysis yields two branches, a weakly-
damped branch (+) and a strongly-damped branch (—), with

damping rates given by

.1
Yoo = *5(/1*#53

1
+ 4 pitas) * 5 \/ (1 + top — 422 1sp)” + Aq2p243
37

In the weak-coupling limit % < 1, expression (37) simpli-
fies to
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N ). ) 58 > - f HoB 38
Yao ™ #qpu+ﬂ2qpu, or M<<, (38)

quN_(H’“‘;B) lﬁffp?,u, for ”—ff<<1‘ 39)

From the limiting expressions (38) and (39), we see that the
(+) branch corresponds to the zonal density branch, while
the (—) branch corresponds to the zonal potential branch.

B. Modulation of particle flux and Reynolds stress by
zonal modes

We now consider weakly non-adiabatic drift-waves,
which can be linearly unstable. Neglecting direct RMP effect
on the drift-waves, the density perturbation can be expressed
in terms of the potential perturbation

with h=—"0 <1, (40)

= (1 —ih)oy,
Hkno
where /1 denotes the adiabaticity parameter and ko the
unperturbed parallel wave-number. Therefore, for weakly
non-adiabatic drift waves, the particle flux and Reynolds
stress are given by

T=> hke, (41)
k

= kke, (42)
k

with € = |¢,|* the turbulence intensity. The modulation of
the particle flux and Reynolds stress by zonal density and by
zonal potential (e.g., by zonal flows) are then given by

g—’z = ;%hvgg—z, (43)
5¢>q Zz g5¢>q @
™ 2 @)

where the radial group velocity v, of drift waves and the
potential enstrophy density Q are given by

2k kyp?
Vg:_iypsv*v (47)
( +kips)
Q= (+kLp3) (48)

Here, we are exploiting the fact that the wave action density
given by

N=Sx0Q, (49)
Wi
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for drift waves, is an adiabatic invariant and hence, con-
served for mesoscale modulations.

This allows us to use the wave kinetic formalism to cal-
culate the modulations 2.

The coupled evolutlon equations of zonal density and
zonal potential, Egs. (15) and (16), are now given by

d ky*
—ong+Drq*on, +iqy h 2
dt ! ! ; + klp_y)
0Q 0Q
( ong +—— 59, op ) +¢*Dryp(9ng — 6¢,) =0, (50)

0l 1000, + P0G, + 0P Z k2 7
L Y

oQ
X < on, + ¢> 5¢ ) — ¢’ Drup(Sng— 0¢,) =0, (51)

where Dr ~ € denotes the turbulent particle diffusivity.
Here, we use the fact that the modulation of Dy is weak com-
pared to Dy, due to considerations of spectral symmetry.

The wave kinetic equation (WKE) for the response of
the wave population density to the total refractive modula-

tions reads'>!?
0 0 0 0
55]\] -+ VgaéN + \yk|5N = a ((Uk + wDapp) 8/(‘ <Q>7
(52)

where |yl models relaxation effects, and the drift-wave fre-
quency wy and Doppler frequency wp,,,, are given by

kyVie
— 53
Dk =17 2 (53)
WDpopp = kyVExB~ (54)

The underlying physics is that these two frequencies are
modulated radially on mesoscales, and so induce a refraction
of the linear drift waves, expressed on the r.h.s. of Eq. (52).
The electron diamagnetic drift is perturbed by the zonal
density

Vie = Ve + OVie- (55)
Noting that dN is proportional to 6Q2, we then have

d 9]
—0Q + vgaég + |7:10Q

ot
10 8 0

We observe that in addition to the usual zonal E x B shear,
there is a shear in the electron diamagnetic zonal flow. This
diamagnetic flow shear is calculated as

0 0?
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The zonal E x B shear is, as usual

0 o?
oy VBB = @Mi (58)

The coupled system of Eqgs. (50) and (51) finally becomes

d
Eénq + Drq*Ong + iby(5¢, — (1 — ¢)dng)
— Drupq’ (9¢p, — dng) = 0, (59)
d
Eé(pq + :uéd)q - aq(éd)q - (1 - C)(an)
Dgryp -
+— (0, — ony) = 0. (60)
Ps
Here, the coefficients a,, b,, and c are
r Q)
2
=—q >0, (61)
Z 1 + k p; 2 q (9/(
by=a, > hki, (62)
k X
K p3
= . 63
‘ Z 1 + klpg ( )
where the resonance function R, is defined by
S/ (64)

2
a*vg + Il

with 7 as the spectral response correlation time.

It is straightforward to show that the coupled evolution
of zonal density and zonal potential Egs. (59) and (60) has a
zonal frequency, in addition to the zonal growth rate. The
analogy with linear drift waves given in the linear analysis
[Table I] can be pushed further, in a quasilinear analysis: as
the real frequency of linear drift waves entails their propaga-
tion, both poloidally and radially, the real frequency of zonal
modes, i.e., “zonal waves,” entails their radial propagation.
This is familiar from the case of geodesic acoustic modes
which are zonal shear layers which propagate radially on
account of their finite frequency and polarization effects.
From Egs. (30) and (31), we see that the real frequency, and
hence radial propagation, stems from the particle flux
modulation.

In the following, we neglect the radial propagation of
zonal modes, since our main goal here is to describe the local
dynamics of zonal flow energy with RMPs, e.g., we use the
approximation

by — 0. (65)
With this approximation, the system (59) and (60) reduces to

d
5 0m+ g’ pyong — uspq’pr (o, — ong) =0,  (66)
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d
Ea(bq + :u(s¢q - a(](é(z)q - (1 - (")5”(])
+ tsp (9, — ong) =0, (67)
where the quantity ur is given by
Dr
by = . (68)
! P3VzF

and psp is given by expression (35).

Without RMPs, e.g., usp — 0, we see from Egs. (66)
and (67) that zonal density and zonal potential decouple and
their growth rate is, respectively

Ny~ —trdpy, for g — 0, (69)

yq+ ~a;—pu, for

tsp — 0. (70)
Hence, without RMPs, drift waves destabilize only the zonal
potential, and zonal density is damped, so we recover stand-
ard zonal flow dynamics. This explains the predominance of
zonal flows in absence of RMPs. The dynamics is more com-
plex, in the presence of RMPs, as will be shown in Sec. II C.

C. Growth-rate of the zonal modes

The growth-rates of the zonal modes, as described by
Egs. (66) and (67), are given bsy

A
=40 (g + o)) = g (71)

7y =5 (ag — (1 + usp)

N =

where the discriminant A can be cast into the following
form:

A =(a, — (u+ o) + 4* P2 (1 + 1s))°

— 4¢P (1 = c)ag — o) Hop- (72)

1. Weak-coupling limit
The weak-coupling limit is defined as

|1sp — a,|
u

< 1, (73)

because then the second term, i.e., coupling term, in the dis-
criminant (72) is negligible compared to the first term. In the
weak-coupling limit, expression (71) has different limiting
expression, depending on the sign of a, +¢*p>u; — u
—(1—¢*p})n.

For a, + quf/lT —H— (1 - quf)#aB <0,

Usg — (1 —c)ay)r
by~ =y + ) + L8 (ﬂz L
. u (135 — (1= )a,)r
Yq <1+ ;B>:“+ ay === 12 =i
(75)
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For a, + ¢*piur — = (1 = ¢°p7 ) s > Oag + ¢ plur —

_(1 - qui)ﬂ(m > Oa

—(1=2¢)a,)?
Vq+N <1+MZB>ﬂ+(M¢$B (u2 )ag) qufﬂa (76)

(o — (1= c)a,)?
12

Yy~ =P (ir + Hsg) — . (77)

It is interesting to compare these quasi-linear expressions to
the linear expressions (38) and (39). The results for the first
case are very similar to the linear expressions, with an addi-
tional stabilizing effect (—qufuT) on the weakly-damped
mode, due to particle flux modulation and a destabilization
(a,) of the strongly damped mode due to Reynolds stress
modulation. The second case, however, is very different as
in this case, it is the weakly-damped mode (the one with y;)
that is destabilized by Reynolds stress modulation, and the
strongly-damped mode (the one with y_) is further stabilized
by particle flux modulation. Note, however, that since we
consider a modulational instability, what matters is the spec-
trally-integrated growth rate, i.e., we need to sum over the
wavenumbers ¢, Upon summation, the interplay between the
dissipation rates and the turbulence intensity |gok|2 “hidden”
in the terms a, and py solely determines the stability of the
zonal modes.

lll. ZONAL MODES—DRIFT WAVES PREDATOR-PREY
MODEL

We now consider the non-linear dynamics of the interac-
tion between the drift waves and the zonal modes.

A. Dynamics of zonal modes

In order to derive a predator-prey model, we only need
two fields: turbulence ¢, and zonal potential d¢,,, i.e., zonal
flows, and we must close the dynamical feedback loop
between primary drift waves and secondary zonal flows.

It would be desirable to solve numerically the set of three
equations for the amplitude of turbulence ¢, zonal flows d¢,,
and zonal density on,, which could have chaotic states, but
this is outside the scope of this paper, and left for future work.
For simplicity, we consider the following ordering

o My > 1, (78)

which means basically that the zonal density dynamics is
slaved to the zonal potential dynamics. The zonal density
response to zonal potential, obtained using Eq. (66) in the
limit given by Eq. (78), is non-adiabatic

Hsp
ong = ——=>—20¢,. (79)
s Y
Replacing on, by expression (79), in the vorticity equation
(67), we obtain

d Usp
—0¢, = 1—(1—¢)—2—)6
dt % aq< ( C>,“T+:“68) K
Hsp
- 1— BB \sp — udg,. (80)
MaB( :uT+/“‘rSB) b0~ 1O,
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Multiplying Eq. (80) by 5<p; and combining with the com-
plex conjugate of Eq. (80) multiplied by d¢,, we obtain an
equation describing the dynamics of zonal potential intensity

d|5¢ | HUsp
dt <1_(1_C) T+M()B>|¢|

Hsp
— g1 - —28
bB( M + Usp

: )|5¢/ — uldp > (8D

Integrating Eq. (81) over the radial wavenumber k,, multi-

plying by ¢, and summing over ¢, we obtain an equation for
. _ 2 2

the dynamics of zonal flow energy £ = 3 _¢°[0¢,|

E :
d—:ueE—uE—M((l—

o Yoo+ 1)E. (82)
dt Hr + Uop )

B. Dynamics of turbulence energy

Due to wave action density conservation, the time varia-
tion of turbulence energy is linked to the correlation between
turbulence energy and flow shear'*

EE:V&

Hence, we write the evolution of turbulence energy as

((0V'Ex + (1 — )0V )N ) (83)

de

+00
= J D veky(6VExn + (1 =€)V o))k — e
00k

(84)

The first term on the r.h.s of Eq. (84) models linear-drive.
The second term comes form the k-space flux in the quasi-
linear wave kinetic equation. It represents the effect of
shearing, and the resulting refractive modulation of the drift
wave spectrum, by the zonal E x B and electron diamag-
netic flows. The last term accounts for non-linear damping,

e., drift wave self-interaction. The second term on the
r.h.s. of Eq. (84) can be calculated using the wave kinetic
equation

<(5V E><B+(1 —C 5V *e

=k Zq 3¢,

2 O(N)
After some algebra, Eqgs. (84) and (85) give the prey
equation
de

2
== pe— (1 —(1- oc’)—ﬂ Hos ) aeE — e, (86)

dr T+ Hsp

with the following parameters

k2
afZZq (87)

(1 +k2p)Y

k3 p;
I 1Fs 88
8 Z1+/< P2 (58)
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The parameters are =1, f=0.1,y=1, u=2, and o/ =0.

C. Predator-prey model

We now assume that the parameter p, proportional to
the turbulent diffusivity Dy, takes the following form
(89)

Hp ~ €

This is valid in the adiabatic electron limit for the primary
drift waves. Using assumption (89), the set of Egs. (82) and
(86) yield the following predator-prey model

de .

5= ye — aclﬂ(e) — pé, (90)
dE
— =€) = uE, o1

where we define effective nonlinear coupling parameters

Hsp

agff(e) e + Usp

(1= o)+ 1). (93)

The effective nonlinear coupling parameters are plotted vs.
turbulence energy, for different values of the (normalized)
RMP coupling parameter ’% [Fig. 2]. Without RMPs
(usp =0), the two nonlinear coupling parameters coalesce
into the parameter o of the standard predator-prey model,
which ensures energy conservation between primary drift
waves and secondary zonal flows.'”> With RMPs, energy is
not conserved due to the external magnetic energy from the
RMP-producing coils. This is due to the intrinsically dissipa-
tive nature of the linear RMP coupling. The dissipative char-
acter of the nonlinearities arises form the slaving of the
zonal density to the zonal potential. Close to the RMP
Hmode threshold £ =1, the two coupling parameters are

off N lsp 2 nearly equal, but they differ strongly far form threshold, i.e.,
o () = af (1 —o) et oy L), 2 for & < 1. Note that the 4" (€) nonlinear coupling parameter
is linked to the functional response F of predator-prey
1.2 1.2 ;
1t 1t b) -Ezple
[ L Eple
0.8 a) { o8 .
0.6 1 0.6f 1
0.4f 1 0.4 1
—t €
0.2+ Eplel 02 e
\-\I\EZD/SL lll"‘,‘ P Yy Vg NN EEE NN NN EEEEEEEEEEEN
0 - - 0 R : ‘ -
0 20 40 60 80 100 0 20 40 60 80 100

time

time

FIG. 3. (Color online) Dynamics of the model without RMPs (“—"’ = O): turbulence energy e (solid line), and energies Ezp, Ezp associated to zonal flows
(dashed line) and zonal density (dash-dotted line), for the two possible non-trivial states: (a) L mode-like state and (b) H mode like state. The parameters are

the same as in Fig. 2.
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models in ecology, i.e., F = cx;ff (€)e. 1617 More precisely, our

model is characterized by a weakly nonlinear functional
response, since the functional response derivative is

dr oc(l (I=adYa+1 psp

€+ lsp

i ~ o = Cst. 94
de o > 4
Moreover, in this model, the zonal density energy, obtained
using expression (79), is a function of zonal flow energy and
turbulence energy. i.e.,

2
L

— _F.
2
(e + tsp)

Ezp 95)

D. Results of the predator-prey model

The evolution and dynamics of the zonal modes—drift
waves (ZM-DW) predator-prey model described by Egs.
(90) and (91), together with Eq. (95), are shown for different
values of the RMP coupling parameter ’% [Figs. 4(a)—4(d)].

In the case of no RMPs, and zero initial zonal flow
energy, an Lmode-like steady-state regime is reached,
corresponding to no zonal flow and a high turbulence level
[Fig. 3(a)]. In the case of no RMPs, but with a small initial

Phys. Plasmas 18, 082309 (2011)

seed zonal flow, an H mode-like steady-state regime is
reached, corresponding to the coexistence of ambient turbu-
lence and zonal flows [Fig. 3(b)]. Accessing this state
requires that the condition y > g 1, be satisfied. As, y ~ Vp,
this is similar to a power threshold condition.

In the case with RMPs, a novel bifurcation occurs when
the RMPs are turned on, e.g., above a critical coupling pa-

rameter "" = 0, after a transient period, a new steady-state is

reached, where the level of both ambient turbulence and
zonal flows increase with % [Figs. 4(b) and 4(c)]. However,

above a critical value ’i—’f of the RMP coupling parameter, a
second bifurcation occurs: the energy of the ambient turbu-
lence further increases with %, but the energy of the zonal
flows now decreases with “f The dynamics is shown for
"!‘%:0.8 [Fig. 4(d)]. The intermediate regime where the
level of both ambient turbulence and zonal flows increases
with “E—Z" only appears below a certain value of the collisional
drag p. This unintuitive behavior may be linked to our reduc-
tion of the initial three-field problem (¢, d¢,, and dn,), to a
two-field problem (¢, and d¢,), i.e., to the slaving of the
zonal density dynamics to that of zonal potential. The

0.7

0.5
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0.6l.aaEp/g ol " S b)
o5l == Ezm’ e a) e Bpp /e
—Hsg /8 —Hsg /8
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0 o= . . I T
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time time
1.2 : 1.2 ‘
—_—t/f —c/g
euBpp /e c) 1/{==aBzp/8 d)
""‘EZD/EL ""‘EZD/EL ’
0.8/ __hsg/e - 0.8/ __hsg/e
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FIG. 4. (Color online) Dynamics of the zonal modes—drift waves predator-prey model: turbulence energy (solid line), and energies Ep, Ezp associated to zonal
flows (dashed line) and zonal density (dash-dotted line) before and during an RMP pulse applied at r = 60, for different values of the normalized couphng param-
eter %22 (a) for £ = 0.01, (b) for %2 = 0.2, (c) for £ = 0.4, and (d) for 2 = 0.8. The values of the parameters are: «=1, f=0.1, =1, p=2,and o’ =0.
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TABLE II. Possible regimes for the predator-prey model Egs. (90) and
(91). The critical parameters are: Y~ .14 and ”’B = 2 , for the parameters
of Fig. 2.

Without RMPs H tsp=0 egEzr >0

Both L Htsp=0o0r usp > :“53 e Ezr =0

With RMPs H* 1y < psp < #(sg e/ Ezp N\,
H* 0 < pop < 153 & /" Ezr /'

dynamics of the full three-field problem is expected to have
a wider set of possible states, including possible chaotic
states. While the precise value of the critical coupling param-

2
eter %ﬂ for the decay of zonal flows is difficult to predict, we
estimate it numerically, for the parameters of Fig. (2), as:

2
Pz~ 0.14
b~ (.14,

For a higher critical value % of the coupling parameter, a
third bifurcation occurs at which the system reverts back to
the Lmode-like state, characterized by no zonal flows and a
high turbulence level. The critical coupling parameter can be
evaluated using the fact that, at that bifurcation threshold, the

energy of ambient turbulence reaches its maximum (), e.g.,
(;4 1Sy) = e = /), For the parameters of Fig. 2, this yields
i‘)LB = 2 A summary of states is given [Table II]. Possible tran-

sitions between states are indicated schematically [Fig. 5].

E. Analysis of steady-state solutions

In order to understand RMP effects as predicted by the
predator-prey model [Figs. 4(a)-4(d)], we study the steady-
state solutions (i.e., fixed points) of the model. These are
given by

ye — o (€, usp) — e = 0, (96)

o (e, ptsp) — HE = 0, 97)

together with Eq. (95).
The first non-trivial solution of Eqgs. (97) and (96) is an
Lmode-like, no-flow state

NG

y>y.(0)

FIG. 5. Transition between states of the predator-prey model Egs. (90)
and (91).
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with given by

L= (99)

The second non-trivial solution is a flow-dominated state,
which we dub H* (RMP Hmode), given by

o (en e — =0, (100)
€L — €Hx

Ep. = - (101)
0‘1#(5H*)

Note that, in order for Ey« to remain positive and finite,
expression (101) sets a constraint on the afﬁ coupling param-
eter and a constraint on ey,, namely: and ey, < €¢,. Simi-
larly, since ey, >0 and u > 0, expression (100) sets a
constraint on the fx;ﬂ coupling parameter, namely: oc;ﬁ > 0.

Equation (101) yields a quadratic equation with two sol-
utions. However, one of them is negative and hence, not
physical since kinetic energy is always positive. The unphys-
ical solution is, therefore, discarded.

The energy of the physical solution, in normalized form,
reads

s _ 1 Hsp
= 1—
o [( o081 %
: sp €
- ‘3B+—} aloB S q0p)
€], €], €L
The associated energy of the zonal flows is given by
Hsp -2
Epy. *
e O P a—— By (03
194 H*+M(>B o 194
€L €L

Without RMPs, e.g., usp=0, we recover the Hmode-like
state of the standard ZF-DW predator-prey model

€« \ _ [ €H _
<EH*)_<EH>’ fOI‘ N&B_()?

with the turbulence energy ey and zonal flow energy E
given by

(104)

H _ L, (105)
€l ey,
E—”E<16—H>. (106)
€L o €l

At fixed collisionality, i.e., u = u(v") constant, the zonal flow
energy and associated ambient turbulence energy have a

nonlinear dependence on the RMP coupling parameter ” e
[Fig. 6]. In particular, zonal flow energy is max1ma1 for a
critical value of the RMP coupling Barameter Bop ”>B . The
critical RMP coupling parameter %LB can be calculated by
considering that, at the bifurcation, the following condition
is satisfied:
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OEy.

o =0.
Ousp :

Hs

(107)

This expression is most easily evaluated numerically. For the
parameters of Fig. 7, its value is approximately % ~(.14.

In the strong-RMP limit %ﬂ > ‘E—’Z, expression (103)
reduces to

i ~<——a'>@+(a+l)€—H‘ (108)

€r o €L €L

However, as is clear from the numerical results [Figs. 4(a);
4(d)], this expression is only valid below a critical value ’i—’LB
of the coupling parameter, which we will see, corresponds to
a power threshold. Physically, the H* mode can only be
accessed for %L < 1, ie., y >y, = Pey, which is equivalent
to a power threshold. Interestingly, in the H* mode, the
power threshold is a function of the RMP coupling parame-
ter: y. =y.(usp).- The dependence of the power threshold on
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Usp, expressed in normalized form Ar{,, is shown for different
values of thg collisional drag u [Fig. 8]. Hence, the critical
“‘i‘* is given by the following equation:

parameter —*
o (er, 1S3 )er, — u=0. (109)

3
The critical parameter /% reads

'u(:3 o _ﬁ
0B __ €L

e__—“ . (110)
L 1 +=
€r

The energy of zonal flows E and the associated turbulence
energy € of the RMP Hmode are plotted as a function of the
parameters Z—L and ”;—2", for a value «=1 of the « parameter

[Fig. 7]. Both energies are normalized to the ambient turbu-
lence energy of the Lmode-like state e, = /.

IV. DISCUSSION AND CONCLUSIONS

The results of the analysis of the drift wave—zonal
mode predator-prey model, derived from a generalization of
the Hasegawa-Wakatani equations to include RMPs,
recover the damping of zonal flows observed in experi-
ments.® We identify a new state, which we call the RMP
Hmode (H*). Without RMPs, the possible states of the sys-
tem are an Lmode-like state with no zonal flows and high
turbulence and an Hmode-like state (accessible above a
power threshold) with zonal flows and a low turbulence
level. With RMPs, the possible states are the Lmode-like
state and the novel H* mode (accessible above an RMP am-
plitude-dependent power threshold) with either enhanced or
damped zonal flows, depending on RMP amplitude, and a
low turbulence level. The H* mode is similar to the
Hmode-like state of the standard predator-prey model, but
characterized by a nonlinear dependence of the power
threshold on the RMP coupling parameter psz. More pre-
cisely, the RMP Hmode threshold increases with
Usp ~ (%)2. Note, however, that to obtain this scaling, we

plotofe/e

1
0.8
0.6
0.4
0.2

0O 2 4 . 6 8 10 0

v /z—:L

FIG. 7. (Color online) Steady-state solutions of the ZM-DW predator prey model. (a) energy of zonal flows 5 vs. normalized turbulence energy = for different
values of the normalized RMP coupling parameter ’i—’f and (b) associated normalized turbulence energy Vs normalized coupling parameter %K and normalized

collisionality (”—L Here, the value of the parameter o is o = 1.
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FIG. 8. RMPs increase the power threshold: relative variation of power
threshold AT vs. RMP coupling parameter pusp, for different values of the
collisional drag .

assumed that the particle turbulent diffusivity is independ-
ent of the linear drive ). If, instead, we take the particle tur-
bulent diffusivity to be proportional to linear drive, e.g.,
Dr ~ ypZe, this yields a timescale for the particle turbulent
diffusion process and hence, for the zonal density damping,
namely yil. Moreover, with this relation, the turbulence
level of the RMP Hmode now depends explicitely on the
linear drive 7, and a simple calculation shows that the RMP
power threshold is now determined by a cubic equation
with a (%) scaling in the weak-RMP limit, but a (%-) 23
scaling in the strong-RMP limit. An increase of the H-mode
power threshold with RMP strength has been observed in
recent experiments.’” Moreover, we find that the RMP
Hmode threshold is very sensitive to collisionality . This
may be related to the observation that RMPs are more effi-
cient at mitigating ELMs for low collisionality.>” However,
experiments show that the resonant character of RMPs, e.g.,
even or odd parity of the coils, determines at which colli-
sionality RMPs are effective.” Since our model does not
distinguish between RMPs that are in even or odd parity,
we cannot address this issue here. We stress in our model
that damping and/or suppression of zonal flows is found
only for certain regions of parameter space, e.g., for the
strong coupling limit £ ”LB > "-", which corresponds to the
strong-RMP limit. In the Weak -coupling limit “ S ”"LB our
predator-prey model suggests that zonal ﬂows are instead
enhanced by the RMPs. We stress, though, that fluctuation
levels are predicted to increase for RMP switch-on in both
the weak and strong RMP regimes.

V. CONCLUSION

In this work, we studied the effects of RMPs on zonal
flows and associated zonal density modulations, using an
extended Hasegawa-Wakatani model. In physical terms,
RMPs enable the radial diffusion of electrons parallel to per-
turbed magnetic surfaces, but perpendicular to unperturbed
ones, a process known as magnetic flutter. This process can
compete with the cross-field transport of polarization charge
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which is the agent of guiding-center ambipolarity breaking
responsible for zonal flow formation. This simple model
shows that, in presence of RMPs, the usual drift-wave zonal-
flow paradigm is no longer strictly valid. With RMPs, the
zonal potential (i.e., secondary zonal flows), in addition to
being indirectly (i.e., nonlinearly) coupled to primary drift
waves, are also directly (i.e., linearly) coupled to secondary
zonal density perturbations. The main resulting effect is that,
through this direct linear coupling, the zonal flows are
damped by the turbulent particle diffusivity.

In order to quantify the damping of zonal flows, we
derived a predator-prey model based on the extended Hase-
gawa-Wakatani model, where we approximated that the
zonal density is slaved to the zonal potential, and we also
considered the evolution of primary drift wave energy, in
order to close the feedback-loop. The dynamics of this pred-
ator-prey model exhibits a rich variety of behaviour, depend-

ing on the value of the control parameter usp, where
Dy [oB,-]Z
Hsp = P¥izrl B

either in a Lmode-like regime, characterized by no zonal
flow E; =0 and a high turbulence level , or in a Hmode-like
regime, characterized by a finite level of zonal flows Ey > 0,
and a low turbulence level ey < €,. The Hmode-like regime
is accessible only above a critical value y >y, of the linear
drive, i.e., above a power threshold.

For pusp>0, the system bifurcates to a new regime,
which we call the RMP Hmode (H*). This regime bears
some similarity with the Hmode-like regime, but has two
major differences: (i) the threshold increases with the control
parameter fsp, €.8., Y.=7VUsp) and (ii) the zonal flow
energy can increase or decrease with the control parameter
Usp, depending on the value of ;5. For ,ug}; < Usp < ,ugé,
both the zonal flow energy and ambient turbulence energy
increase with psp. Here, denotes the threshold for the onset
of the H* reglme and 1Sy = :“(33( v*) is a function of colli-
sionality v". For ,u()B < usp < ,ubB, the zonal flow energy
decreases with sz while the turbulence energy keeps
increasing. The threshold :“oB = :“aB( v*) depends on colli-
sionality. In order to test these predictions, future experi-
ments of the form of Ref. 18 would be of a great interest.

. For usp =0, the system is bistable, being
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APPENDIX: ANALYSIS OF NEW STEADY-STATE AND
INTERMEDIATE CALCULATIONS

1. Stability analysis of the RMP Hmode

In order to simplify the stability analysis of the RMP
Hmode state H*, we consider the limit o =0. In this case,
the predator-prey equations read
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de .
== pe =il (o), (AD)
dE
— =8 (e) — uE, (A2)

with the coupling parameters, for o/ =0, given by

Aeﬁ’ o €
a’(€) = ——u, (A3)
1) (€+#5B)2
1
— —HsB
() =2y, (A4)
€+ Usp

The Jacobian matrix is

ceff
y—2fe— {dh;:l + l} T (E —a% (e)e
J<€7E) = ~eff ’
dlInoy e .
[ 2 +l‘|oc2ff(e)E 8 (e)e—
de
(A5)
where the logarithmic derivatives are
ding _ 2u , (A6)
de €+ o
dingdl  o+1 Usge A7)
de o (e+ psp)(e— psp/or)

In the weak-RMP limit, ‘%B < 1, keeping only terms first-
order in ”%, the coupling parameters and their logarithmic
derivatives reduce to

5 () ~ (1 _ 2’%) %, (A8)
Aeﬁ' .
dlInoj o Hos (A9)
de €,
" 1 us
5 (¢) ~ (1 - “: “23) %, (A10)
dingd" o+ 1 g
ans, _*T K All
de o € ( )

Using these approximations, the Jacobian (A6) reduces to

7 — 2B — o —(1—2@)%
€
J(e,E) ~
’ 1
oE <1 _ i’uﬁ) e — 1

o €

(A12)
This is equivalent to

y—2fe —aFE —o€ + 2015

J(e,E) < " v (ot Ve — ) (A13)

Now we consider the steady-state H*. In the weak-RMP
limit it is given by
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RN QR R S R Y R Pt
20 u 20 u u

~ (1 + (et 1)“(”*)“, (A14)
u o
Ey. ~% (A15)

Plugging these expressions in (A13), we get

J(€,Ep.)
i <1+(cx )“;B>ﬁ“ (1(&1)M;B>u
y<1+(fx )”ZB)ﬂ“ 0

(A16)

The eigenvalues A of the Jacobian matrix (A16) are given by
24 (1 + (et 1)‘@) br,
u) o

+ <l—(<x 1)“23)[ <1+(a+1)MZB) ﬂﬂu

(A17)
The discriminant of Eq. (A17) is
22 2
tsg\ ™ P u
A=11 1)—=) ——
( + (a+1) ﬂ) "
—4<1—(a—1)“(>3) [/—<1+(a+1)“"3)@]u
I A
(A18)

Since the H* mode is accessible only above a threshold
y > % the discriminant (A18) is strictly negative: A <0, and
the eigenvalues are hence complex. The eigenvalues are thus

)= a*io, (A19)

with
a=—<1+(a+1)“%)ﬁ—“<o (A20)
w:%\/w. (A21)

Since Re4A= 0 <0, the H* mode is thus a hyperbolic, attrac-
tor fixed-point. Moreover, Eq. (A18) yields the threshold of
the H* mode, in the weak-RMP limit, namely

pla+1)

* 1
7 (Wap) ~ 7+ =gy for ZB <1, (A22)

where yi,’ = %" denotes the H -mode threshold.

2. Derivation of Eqs. (12) and (13)

The surface average of the first term on the r.h.s. of
Egs. (9) and (10) vanishes, and we get
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- 0 ~
o (n) + o (Wuit) = D <Bxa (ikyo(n — ¢))>

+D <g"a% (éx% (n— qs)) > (A23)

DTG+l (9) + 0 g (V)

Ps o
0 -0 ,~ 0
=Dy (B, vy (K10 (7 = $))) +Dj (Br gy (Bxg-(n—9))),
(A24)
where B, = —ikylﬁ (normalized to By) is the magnetic field

radial perturbation.
Replacing B, by its expression, we have

)

+Dj <ky2zﬁa% (xﬁ%(n - </>)) > (A25)

5} 0
P25 V(O + mpiVL(D) + 0] o (V2 6)

0 0
5<n> +8X<VX >

-0 (0

Dy k™ — (= (n— : A2

ok (Vg - 9))) (A20
3. Derivation of Eqs. (59) and (60)
The evolution of potential enstrophy density reads
d .
Eég + lqvg59 + |Vk\5Q
on 0
= k| —L— -0 —(Q). A2

Since we consider zero-frequency modulations (d(6Q)/
dt =0), this yields

%k, 1) 0
Q=—T> <5¢q % ) Q). (A28)
iqve + ] [+k02) ok,
4. Simplification of the discriminant of Eq. (71)
The discriminant A in Eq. (71) has the form
A= (ag = (n+ psp) — 405 (i + g))’, (A29)
+4q°p7(ag — (n+ nep) )y — pop(i — cag)]. (A30)
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Rearranging terms, we get

A= (ag— (1 + psp) — a*p2(ir + tsp))’
+ 44702 (ag — (1t + psp)) (ir + Hsg)
— tgp (e — cag)l — 4q°pi (ag — (1 + psp))1op, (A31)

and we obtain expression (72) given in the main text.
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