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Abstract. The mechanism of internal transport barrier (ITB) collapse in the reversed magnetic shear
configuration is investigated using a global Ion Temperature Gradient driven drift wave (ITG) turbulence
code. The heating source and the Toroidal Momentum Source (TMS) is introduced to follow the self-
consistent evolution of the ion temperature and flow profiles. The Toroidal Flow Shear (TFS) effect on
the dynamics of ITB evolution is clarified. It is found that the lifetime of ITB depends on the total flow
shear, i.e., the equilibrium flow shear determined by TMS and the ITG turbulence driven flow shear.

1. Introduction

Internal Transport Barrier (ITB) has been observed in many tokamaks with a reversed magnetic
shear configuration [1]. ITB is expected to be beneficial for the steady state operation of ITER.
The improved performance by ITB was surveyed in multi-machine comparisons [2]. So far
much works on ITB formations have been done theoretically and numerically [3, 4, 5]. The
velocity shear and the negative magnetic shear as well as the zonal flow (ZF) play an important
role for ITB formation [6]. Recently, the turbulence spreading is examined for the barrier
propagation in ITG turbulence[7]. The turbulent spreading can allow turbulence to penetrate the
regions where local analysis predicts low level of transport [8]. Moreover, turbulent spreading
can dynamically couple different regimes of plasma such as the edge and core, so that it gives
rise to the non-local effects. The non-locality of the plasma transport is observed in many
tokamaks such as the temperature profile stiffness [9, 10] and the rapid heat pulse propagation
from the edge to the core [11, 12]. To understand such non-locality of the transport property,
it 1s necessary to perform the global multi-scale simulation including the profile modification
effect, non-local interaction between the meso-scale structures.

In addition to explore the multi-scale interaction between turbulence and transport, the con-
trol of ITB is another important issue for ITER operation. Neutral Beam Injection (NBI) is used
to optimize the confinement of the tokamak plasma and to develop the steady state operation
technique, such as dynamical current profile control, the sawtooth oscillation control by off-axis
injection and so on [13, 14, 15, 16, 17].

In this paper, we investigate the multi-scale interaction between ITG turbulence and trans-
port in terms of ITB formation and collapse. Introducing the heating source and TMS, the
self-consistent evolution of the ion temperature and flow profiles is followed. The TFS effect on
the dynamics of ITB evolution is clarified. It is found that the lifetime of ITB depends on the
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toroidal flow shear, i.e., the equilibrium flow shear determined by TMS and the ITG turbulence
driven flow shear.

2. Numerical Model

2.1. Model Equations

We employ the simplified version of the “3+1” gyro-fluid model [18] proposed by Ottaviani
et al. [19] and modified by Yagi [7] to investigate the ITG turbulence transport by global
simulation. The set of equations consists of the ion density, the ion parallel momentum and the
ion temperature evolution equations :

Ion density equation :
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Ion temperature evolution equation :
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where, W = n — V2 F is the generalized vorticity, n = ® — (®) is the fluctuating density,
F = @ + p/t is the generalized potential with v = T,0/Ti, p = n + T is the fluctuating
ion pressure and (®) is the flux surface averaged potential, which is equivalent to ®,,_¢,-¢ in
Fourier space. The approximation p; = T(ry)n, +no(rs)T;; is made where ry = 0.6 indicates the
location of the gy surface. U, = V + p, 25 9F represents the poloidal velocity, k7 = —d In Ty /dr
and «x, = —dInny/dr 1ndlcate the inverse of the gradlent scale length of the ion temperature
and density, respectively, &g = ZCosﬁ ‘ + ZSlnﬂ is the curvature operator, A = &,/p. is
the ratio of the inverse aspect ratio &, = a /Ro and the normahzed ion gyro-radius measured by
the electron temperature p. = p,/a. We also introduced &€ = r/R, as the local inverse aspect
ratio. The transport coefficients are given by the ion thermal diffusivity y, the neoclassical ion
viscosity uN¢ and the ion viscosity u. Ion Landau damping is also taken into account as a
collisionless dissipation [20]. The normalization : t/tg — ¢, r/a = r, z/Ry — z, eD/T,y —
(D’ V/Cs - V, T/TiO - T, X/(pscs) - X ,u/(minopscs) - M, ﬂNCaz/(pscs) - :UNC is used
for the system, where t3 = a*/yg represents the Bohm time determined by the Bohm diffusion
XB = CTeO/(eB)-
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FIG. 1. Radial profiles of toroidal momentum  FIG. 2. Safety factor q profile with reversed mag-
source. netic shear.

2.2. Source Terms and Initial Conditions

The Gaussian type toroidal momentum source is introduced in eq.(2) to investigate the effect of
the equilibrium toroidal flow on ITB sustainment :

SVu(r) = Aexp [— 4)

207
We examined four cases 1) without TMS, 2) with small TMS : A = 2 x 1073, rorr = 0 and
o =024, 3)withlarge TMS : A =4Xx 107, r,;y = 0and o = 0.24 and 4) with large negative
TMS: A = =4x107%, r,;y = 0 and o = 0.24. FIG. 1 shows the momentum source profiles for the
cases 2) 3) and 4). The positive and negative sign of the TMSs correspond to the co-directional
and counter-directional momentum input along the toroidal magnetic field respectively. They
produce toroidal ion flow velocity profile whose max value is about 10% ~ 20% of ion sound
velocity and the absolute value of the toroidal flow shear takes a peak value at r ~ 0.28 at ¢ ~ 60.
A heat source term is also introduced in eq. (3). It is given by

(r— roff)z]
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(5)
with 7, = 0.6. This source gives an ion temperature profile 7;(r) = (1 — r*)?/(1 — r?)? if the
relation : y, (1/r)d/dr(rdT /dr) + ST; = 0 is held. In our model, the ion temperature can not be
divided into equilibrium and fluctuating quantities such as T = T, + T, but is rather solved as a
whole.

For the safety factor ¢ profile, we employ reversed magnetic shear profile, proposed by
Garbet et al. [21], which is given by q(r) = gmin + C2(r? — 1)* + C3(r? — r2)?, with g, = 1.35,
rs = 0.6, C, = 4.66, and C3 = —0.987. Note that the (m,n)=(4,3) mode is off-resonant in this
configuration as is shown in FIG. 2.

The equilibrium density profile is given by ny(r) = (1 —r?)/(1 — r?) which is fixed during the
simulation due to the constraint that no particle flux is generated in the system: n = ® — (D).
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3. Results and Discussions
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3.1. ITB Formation and Collapse

FIG. 3 shows temporal evolution of the fluctuating internal energy of (44,31), (29,20) and (4,3)
modes. In the simulation, the ion temperature develops according to the heating source. When
the temperature gradient exceeds the threshold of the ITG instability, it is destabilized and
begins to grow. In the case without TMS, the (44,31), (45,31) etc. are destabilized at  ~ 52 on
there resonant surfaces which are located on r ~ 0.4 and saturate at r ~ 58. On the other hand,
in the cases with TMS, the (29,20) mode is destabilized at first. In the case with small TMS, it
is destabilized at ¢ ~ 60 and saturates at ¢t ~ 67. In the case with large TMS, it is destabilized at
t ~ 55 and saturates at ¢ ~ 61. The saturation level is almost same for three cases, i.e., ~ 107°.
After the saturation of ITG modes, the internal transport barrier forms in vicinity of the g,,;,
(0.55 < r < 0.65) in each case (FIG. 4). The shaded region indicates ITB region where the
turbulence is suppressed across the g,,;,. It is clearly shown that the turbulent transport around
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r ~ 0.3 is reduced in the cases with TMS. There is no essential difference among them on the
ITB location. However, the quantitative difference is observed on the life time of the ITB. FIG.
5 indicates the temporal evolution of parallel ion kinetic energy of the (0,0) and (4,3) modes in
the case with small TMS. The (4,3) mode grows exponentially and exceeds zonal component at
t ~ 110. Then the ITB starts to collapse and finally the heat energy stored inside of ITB bursts
away at ¢ = 112. This phenomena is common in each case.

FIG. 6 shows the time slices of turbulent thermal conductivity. ITB begins to collapse from
the inside gradually from ¢ = 105. The electrostatic potential energy of (4,3) mode which is
shown in the bottom of FIG. 6 contributes the transport in the region 0.5 < r < 0.65 and causes
the steepening of the temperature gradient at r ~ 0.7. When the gradient exceeds the threshold,
ITG modes are excited at r = 0.7. These simultaneously produce the zonal flow outside edge of
the ITB. At r = 112, the ITB cannot be sustained any more, then the energy burst takes place.

In the simulation in which the flow energy of the (4,3) mode is thrown away on each time
step, we confirmed that the ITB collapse does not occur at least until # = 150 even in the
case without TMS. This mode is chosen by the system, since the ¢,,;, = 1.35 is near to the
4/3 =1.33---.

FIG. 7 shows time evolution of the fluctuating internal energy in the case with negative TMS.
In this case, the (45,31), (44,31) etc. are destabilized at first. The turbulent transport around
r ~ 0.3 is not suppressed. The ITB collapse begins at t ~ 67 and bursts away at ¢t ~ 76. The
counter-directional momentum input does not contributes to the enhancement of the lifetime of
the ITB in this case.
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3.2. Toroidal flow shear effect on meso-scale structure
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FIG. 9. Typical radial profiles of toroidal flow shear at, 1) t = 75 with small TMS, 2) t = 70 with large
TMS, 3) t = 65 with large negative TMS and 4) t = 68 without TMS.

FIG.9 shows the typical radial profiles of the toroidal flow shear in the phase of ITB sus-
tainment. The corresponding turbulent heat diffusivities are shown in FIG.4 and 8. In all cases,
a strong velocity shear forms around r ~ 0.7, which sustain ITB foot. The main difference
between small TMS case and other cases is that the velocity shear is almost zero at r ~ 0.47
except small TMS case. This position gives the boundary between ITG unstable region and
ITB region. In the case with large TMS, there is a tendency that the flow shear determined by
TMS is cancelled with that generated by ITG turbulence at r ~ 0.47. The similar tendency is
observed for the case with large negative TMS. Next, we investigate the energy transfer chan-
nels to the (4,3) mode in the case with small TMS. FIG.10 and 11 shows energy transfer to
the (4,3) mode at t = 85 (in the phase of ITB sustainment) and ¢ = 106 (in the early phase of
ITB collapse). The red bar indicates the energy transfer to the (4,3) mode from the other mode
and the blue bar the energy transfer to the other mode from the (4,3) mode, where the energy
channel satisfies the relation : m; + my = 4, n; + n, = 3. m; = 0 indicates the energy channel
from (0,0)-(4,3), i.e., quasi-linear channel. m; = 3,5 indicates that from the toroidal coupling.
The band 30 < m; < 40 corresponds to ITG modes. We may call the modes 5 < m; < 30 as
mediators, which have relatively broad radial eigen-function. They are excited by non-linear
coupling among ITG modes, then the coupling among mediators generates (4,3) mode. It is
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FIG. 10. Energy transfer to the (4,3) mode via  FIG. 11. Energy transfer to the (4,3) mode via
three wave coupling at t = 85. Horizontal axis in- three wave coupling at t = 106.
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confirmed that only quasi-linear channel to the (4,3) mode can lead to the ITB collapse but the
life time of I'TB extends to A¢ ~ 5 by the simulation where all channels to the (4,3) mode except
the quasi-linear channel are closed. The sustainment of ITB depends on the excitation of the
(4,3) mode and the stabilization of ITG modes at r ~ 0.47 and r ~ 0.7. How the total flow shear
should be determined is not resolved, especially the negative TMS. This is an open question
and left for a future work.

4. Conclusion

We investigated ITB formation and collapse with reversed magnetic shear configuration using
the multi-scale global transport simulation code based on the gyro-fluid model. Heat source
term and toroidal momentum source term are introduced to study the effect of toroidal flow
shear on the ITB dynamics. Collapse of the ITB in this simulation starts without trigger. It
can be understood as a kind of global relaxation. A meso-scale mode locate in vicinity of
qmin plays important role for this global relaxation process. The notable enhancement of the
ITB sustainment time was observed with the toroidal momentum source whose amplitude is
rather small. It was explained by the flow shear stabilization of ITG turbulence. The rather
small positive (co-directional) momentum input produced the effective flow shear inside ITB
region, which consists of mean flow shear and turbulence generated flow shear. The extension
of the I'TB lifetime by negative momentum input was not observed in this simulation. It is also
found that the quasi-linear effect due to the temperature profile modification is quite important,
especially in the final collapse phase, quasi-linear effect plays a dominant role.
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