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The generation and dynamics of transport barriers governed by sheared poloidal flows are analyzed in
flux-driven 5D gyrokinetic simulations of ion temperature gradient driven turbulence in tokamak plasmas.
The transport barrier is triggered by a vorticity source that polarizes the system. The chosen source
captures characteristic features of some experimental scenarios, namely, the generation of a sheared
electric field coupled to anisotropic heating. For sufficiently large shearing rates, turbulent transport is
suppressed and a transport barrier builds up, in agreement with the common understanding of transport
barriers. The vorticity source also governs a secondary instability— driven by the temperature anisotropy
(Ty # T). Turbulence and its associated zonal flows are generated in the vicinity of the barrier,
destroying the latter due to the screening of the polarization source by the zonal flows. These barrier
relaxations occur quasiperiodically, and generically result from the decoupling between the dynamics of
the barrier generation, triggered by the source driven sheared flow, and that of the crash, triggered by the
secondary instability. This result underlines that barriers triggered by sheared flows are prone to
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relaxations whenever secondary instabilities come into play.
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Heat transport in controlled fusion devices like toka-
maks is mainly governed by turbulence. Any control, even
partial, of the turbulent transport level is highly desirable in
view of improving discharge performance and ultimately
reducing the total cost of this carbon-free energy source. In
this context, large scale sheared flows have been proven
efficient in reducing the magnitude of turbulent transport in
plasmas, both through vortex stretching and nonlinear
decorrelation [1], and possibly in lowering the linear drive
of the main instability at the origin of the turbulent trans-
port [2]. These mechanisms are also encountered in neutral
fluids [3], especially in planetary atmospheres such as
Jupiter [4] or Earth [5]. They also bear analogy with
sheared self-organized critical models [6]. In tokamaks,
turbulent eddies essentially rotate in the poloidal direction
which encircles the magnetic axis at a speed proportional
to the radial electric field E,, the radius being the direction
of confinement [7,8]. Sheared poloidal flows, or equiva-
lently sheared E,, can efficiently improve the confinement.
They are likely key ingredients to trigger bifurcations
towards transport barriers (TBs) [9] which are essential
for reference scenario for ITER [10]. Interestingly, the
associated TBs may exhibit time-dependent behaviors
such as relaxation processes [11]. Stationary large scale
poloidal flows contribute to the radial force balance
through the Lorentz force. They can be driven by specific
external anisotropic heating schemes such as so-called
ion Bernstein wave heating (IBWH), which lead to both
the generation of radial electric field and to anisotropic
ion temperatures due to preferential transverse—to
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B—heating (7)) # T, ), with B the equilibrium magnetic
field [12]. Also, small scale turbulence is well known to
excite both large scale zonal (low frequency) [13] and
mean (stationary) flows [14], the interplay of which is
nontrivial [15-18].

There are numerous experimental and theoretical evi-
dences of turbulence regulation by sheared poloidal flows.
Several fluid simulations in the flux-driven regime have
also reported such transitions [19,20]. In this Letter, we
report for the first time on the observation of TB generation
in flux-driven gyrokinetic global simulations of ion tem-
perature gradient (ITG) driven turbulence. It appears that
the dynamics of these TBs exhibits quasiperiodic crashes,
which are found to result from the complex interplay
between the unavoidable kinetic properties of any polar-
ization source and the backreaction of turbulence.

Studying TB formation in numerical simulations
requires the control to some extent of the shearing rate
level. When conducting such experiments in fluid [20] or
local slab gyrokinetic [21] simulations by prescribing the
asymptotic shearing magnitude, TBs were created. Fluid
simulations [20] reported that the time delay of the stabi-
lizing effect from the shearing rate resulted in the transient
growth of resonant modes and subsequently in quasiperi-
odic relaxations of the TBs. More recent gyrokinetic simu-
lations with arbitrary flow profiles also report turbulence
suppression above a certain threshold in shearing rate [22].
Unlike previous gyrokinetic simulations [21,22], our study
shows how turbulence and transport self-consistently
organize themselves on typical energy confinement times

© 2013 American Physical Society
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in the flux driven regime, when both heat and vorticity
sources keep the system out of thermodynamical equilib-
rium. In turn, the maximal shear of E, increases with the
vorticity source magnitude, up to a point where a TB is
quasiperiodically triggered. Two critical results are
obtained: (i) an ion TB is triggered, provided the shearing
rate exceeds some threshold which increases with the
heating source, and (ii) this TB exhibits quasiperiodic
crashes, which result from the transient screening of the
vorticity source by the turbulence-induced zonal and
mean flows.

The flux-driven code GYSELA [23] is used to study the
interaction of TBs with both local and nonlocal turbulent
effects, as well as large-scale mean and zonal flow genera-
tion and mean equilibrium evolution. It solves the 5D ion
gyrokinetic equation for the full distribution function F' of
the ion guiding centers (no scale separation is assumed
between equilibrium and fluctuations):

-1 _ _
J,F + §Vz . (1BWF) =CF)+S8S,+S,, (1
I

where z = (x, 0, ¢, vg), u) and z = d,z (the magnetic
flux surface label y labels the radial position in GYSELA,
where the torus cross section is circular). BIT =
B(1 + Jyvg/B?) is the Jacobian of the gyrocenter trans-
formation (J is the parallel current). The collision operator
C is a reduced Fokker-Planck operator with an isotropic
distribution function kernel [24]. S, is a source of vorticity
defined hereafter, and the heat source S, localized at the
inner edge of the system sustains the mean temperature on
energy confinement times [8]. The quasineutrality con-
straint closes the system

-3 v-(”e‘;;fsvl¢)= qufdv*J-F. 2)

ion species species

J is the gyro-averaging operator [approximated by (1 —
(my/2q*By) V3 )~ ! in GYSELA], n, the equilibrium den-
sity, ¢ the electrostatic potential and dv* = 27Bjdudvg
the integration element in velocity space. An adiabatic
response of the electrons is assumed, so that the electron
channel for heat transport is precluded.

The vorticity W is defined as the flux surface average of
the left-hand side of (2),

= —<V : (”;;’” v Ld’))fs' (3)

It is clear from Eq. (2) that W also relates to the
gyro-average of the guiding-center distribution function:
W = e([dv*J - F)y. This property allows one to partially
control the electric field within the gyrokinetic framework,
despite the absence of an explicit time evolution equation
for the electric field (unlike the fluid approach). Indeed, it
then suffices to add a source term S in Eq. (1), for which the
only nonvanishing fluid moment is J - S. This is exactly

what the vorticity source S, does. Notice that simply add-
ing a prescribed external electric potential in the quasineu-
trality reveals inefficiencies, since the system then rapidly
backreacts and screens the externally imposed potential.

From the expressions of W and of the J operator, it is
clear that polarizing the plasma through vorticity injection
either requires the injection of perpendicular energy and/or
of gyrocenters. This intrinsic property is therefore not
artificial: it holds for all vorticity sources originating
from any physical effect. In IBW experiments, vorticity
is deposited through wave-plasma interaction along
with energy, and without any source of gyrocenter density.
In addition, it is worth noting that IBW heating is inher-
ently anisotropic, hence leading to different parallel and
transverse temperatures T\ # T, . The vorticity source
So(x. 0, ¢, vg), p) introduced in Eq. (1) captures these
basic properties (temperature anisotropy without density
source), and effectively polarizes the plasma, as explained
hereafter. T is the source temperature to which are nor-
malized velocity space variables: g = w/T,, Vg =
vg/+2T. S, then reads

Su=[1— B+ Qo — DIS,(x)Swoe ", (4)

S, defines the radial profile of S, and S, its normalized
amplitude.

The time evolution of vorticity derives from the gyro-
average of Eq. (1), integrated over velocity space and flux
surface [25]:

IW+9,XK=S5,ViS,. 5)

XK is the flux of vorticity,

X = e</dv*] Aldxg V/\/)F}> (6)

fs
Equation (5) shows that S, acts as a source term for the
electric field, as expected. To separate the effect of heating
from that of polarization, we deliberately chose a source
which does not inject total energy, by taking advantage of
the possibility to independently control the amount of
parallel energy. Relaxing this point would not modify
qualitatively the results presented here. As in IBW experi-
ments, the resulting vorticity source Eq. (4) leads to aniso-
tropic temperature, that will reveal to be critical for the TB
dynamics. Finally, the retained vorticity source does not
inject any momentum in the system.

In this Letter, we focus on one simulation which is
representative of the complex transport dynamics in the
presence of a vorticity source. It is analogous to the series
of simulations scanning the magnitude of both heat and
vorticity sources, reported in [26]. The characteristic pa-
rameters are p, = po/a = 1/150, collisionality v, = 0.1,
and an aspect ratio of 3.2. The relatively low collisionality,
which is in the ITER-relevant so-called banana regime,
also ensures that collisions do not play a critical role in the
results presented here.
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FIG. 1 (color online). Temperature (blue circles) and E X B
shear (red triangles) during steady-state (open) and a TB phase
(solid). The kinetic sources are labeled by the black and green
areas.

The heat source S, injects, in the inner part of the
plasma, a power equivalent to P,3q ~ 3.7 MW for a deu-
terium plasma [8]. It leads to a temperature gradient
slightly above the threshold for the ITG instability, in
the range 5 < R/L; < 8 over the whole radius before S,
is switched on. The radial domain of the simulation is
defined by p = r/a €[0.15,0.85]. The E X B shear val-
ues are normalized to the maximal linear growth rate
Yiin = 0.075a/c,—which we estimated during the initial
stage of the simulation—in the following.

We first let the turbulence reach a statistical steady state
(R/L; ~ 1.3 at the center), before the vorticity source is
switched on at 7, ~ 2600a/c, at the radial position p,, =
0.43. The temperature profile (blue circles) and the £ X B
shear (red triangles) are displayed before (open symbols)
and after (solid symbols) the introduction of the vorticity
source in Fig. 1. The vorticity source (green area) position
correlates well with the shear maximum, as expected. The
induced E X B shear is accompanied with the creation of a
TB at 7; = 5300a/c;.

The effect of the vorticity source on turbulence is
displayed in the top panel of Fig. 2. The detailed time
evolution of the absolute value of the shearing rate
wpxp = (r/q)(d/dr)((q/r)(d{¢)/dr)) [27] at the source
position p,, is given in the bottom panel. The sign of S,,, is
chosen so as to locally induce a shearing rate of the same
sign as the intrinsic wgxp. As the turbulence gets increas-
ingly quenched by the growing sheared electric field, the
temperature gradient R/L; (red dashed line) is able to
grow: a TB is indeed slowly created as the absolute value
of the shear increases.

Although we maintain the vorticity source constant in
the simulation, we observe a quasiperiodic quenching of
the shearing rate. The quenchings happen at different
values of wgxp and hence do not seem connected to a
particular threshold in the poloidal shearing rate. In addi-
tion, the Reynolds stress at the origin of the shear
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FIG. 2 (color online). Top. Turbulent heat flux (color map) and
E X B shearing rate contours (white contours: the dotted contour
is 87¥j,, and the plain contour is —20vyy;,). Bottom. E X B
shearing rate wgxp (plain blue line) and temperature gradient
R/Ly (dashed red line) radially averaged close to p,,. The red
area corresponds to the zoom window used in Fig. 3.

destruction peaks at a different location than the maximum
E X B shear and is therefore not likely to be associated
with a Kelvin-Helmoltz type instability [28].

During the quenching, the temperature gradient under-
goes transient dynamics whose details are variable. Still,
generic features emerge. The temperature profile abruptly
relaxes after this dynamics on approximately 100a/c,
(roughly a few ms in ITER), and the temperature gradient
recovers its typical initial values (we refer to this event as a
crash in the remainder of this Letter). The first crash
happens with a certain time delay compared to the
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FIG. 3 (color online). Time evolution of the local resonant
Fourier (m, n) modes left to the TB (p = 0.41), during the
second quenching. The temperature anisotropy is displayed in
thin black line.

quenching of wgyp. Large-scale intense outward bursts of
heat (top panel) then propagate throughout the whole radial
domain as the barrier crashes.

We need to recall here that the vorticity source Eq. (4)
heats the plasma in the parallel direction and cools it in the
perpendicular direction. This induces a temperature anisot-
ropy on a time scale comparable to the time scale of the
sheared electric field creation. The temperature anisotropy
always remains (below <35%, cf. Fig. 3), and is clearly
well within typical experimental ranges. It decreases the
local linear threshold of the ITG modes at the position
where both (T} — T',)/2T and 9,[(T}, — T,)/2T] increase
(vice versa, the threshold increases if the anisotropy and
the gradient of the anisotropy both decrease [29]).
Depending on the vorticity source sign, ITG modes are,
consequently, excited on one side of the barrier and
damped on the other side (both cases actually compare
very well and lead to similar dynamics). In the case pre-
sented here, resonant modes can significantly grow on the
inner side of the TB and participate to both the turbulent
heat transport and to the turbulent flux of vorticity that
appears in Eq. (5). This growth of ITG modes at p = 0.41
is indeed observed in the simulation. The evolution of the
resonant modes amplitude for the second quenching event
in the simulation is displayed in Fig. 3. The local resonant
modes start to grow exponentially before the electric field
shear stops growing (red line), and saturate just after the
crash. As expected, they stop growing when the tempera-
ture anisotropy is suppressed.

The growing ITG modes contribute to the turbulent
Reynolds stress and efficiently screen the local £ X B
shear induced by the vorticity source. In this case, the
associated zonal flows are not inhibited by the large scale
sheared flow. Additionally, the erosion of the shear is a
positive feedback to the growth of ITG modes because it
reduces the stabilization of the turbulent modes which can
develop even more easily.

The growing modes also participate to the heat transport
and tend to flatten the temperature gradient. The TB is then
weakened, and the large amount of energy that was accu-
mulated during the barrier creation phase in the inner part
of the plasma is released in a massive heat burst (at
t ~5600a/c;). The TB is destroyed and the electric field
is drastically reduced throughout the whole plasma volume
to its ““pre-TB” state. Finally, the vorticity source that is
still acting can drive again a sheared flow and the same
process may repeat quasiperiodically.

Modeling the plasma on the system scale proves to be
necessary to account for the action of the vorticity source.
Indeed, flux-driven turbulence exhibits large-scale trans-
port events referred to as avalanches [8,30]. As the heat
source is increased, the avalanches become more frequent
and more intense. Locally, at the source position, there is a
competition between the effect of the vorticity source that
tends to modify the radial electric field, and the net effect
of the turbulent Reynolds Stress generated by the ava-
lanches. In the simulation presented here, the vorticity
source amplitude is sufficient to locally overcome the
turbulent effects and is then able to induce a significantly
different radial electric field. We performed a parameter
scan in vorticity source amplitude and heat source ampli-
tude, both scans confirming the existence of a threshold at
which the vorticity source amplitude becomes large
enough to compete with the turbulent Reynolds stress
and to trigger the quasiperiodic creation and relaxation of
TBs [26].

In this Letter, we have found a new mechanism that may
explain TB relaxations in tokamak plasmas, an more pre-
cisely those generated by ICRH when ion Bernstein waves
are excited. Externally generating sheared electric field via
vorticity injection in flux-driven gyrokinetic simulations
leads to the self-consistent triggering of a TB. We have
demonstrated that the plasma polarization may imply the
development of a temperature anisotropy which is respon-
sible for the quasiperiodic relaxations of the TB. The basic
mechanism can be understood as follows. (i) A sufficiently
large vorticity source is applied to the plasma. (ii) Both the
electric field and the temperature gradient grow, and (iii) a
TB is created. In the meantime, (iv) should a secondary
instability develop—either less sensitive to the ExB shear-
ing than ITG turbulence, or on a different time scale—then
relaxation dynamics can occur, as detailed hereafter. In the
present case, it is the temperature anisotropy which leads to
(v) the excitation of ITG modes on one side of the TB.
(vi) These modes contribute to a Reynolds stress that
screens the induced sheared electric field. The reason
why they screen rather than add up remains to be clarified.
The stabilizing effect of the associated sheared flow dis-
appears and (vii) the TB is eroded by the turbulent heat
transport. By switching off the source at various moments
during this cycle, we found that this type of TB does not
exhibit any hysteresis. Though, turning smartly on and off
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the vorticity source could provide a way to inhibit the
growth of the resonant modes and result in the creation
of a steady-state TB. The essential feature for the existence
of cyclic crashes is the fact that the source drives sheared
flow, leading to the TB generation, and the secondary
instability, governing the TB crash, evolves with separate
dynamics due to different time scales and thresholds.

Releasing the adiabatic assumption for the electron
response would offer turbulence an alternative channel to
transport heat, as well as addressing the related particle
transport issue in the presence of heat TB. Also, electro-
magnetic effects might play a role when TBs generate
strong pressure gradients. All these important issues will
be addressed in upgraded versions of the GYSELA code. The
present work gives a clear physical picture that may be
applied to shear-induced transport barriers observed in
experiments with externally driven polarization (e.g.,
with ion Bernstein waves). Experimental attempts to better
characterize this temperature anisotropy would thus be
highly valuable as it may allow for the control of steady-
state TBs in tokamaks.
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