Investigation of NTM dynamics and control in JT-60SA hybrid scenario
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Introduction

Neoclassical tearing modes (NTMs) are resistive instabilities at rational surfaces that grow as
magnetic islands and can degrade plasma confinement, leading to disruption. Their nonlinear
drive originates from the loss of bootstrap current within the island and scales with the poloidal
B, making them particularly impactful in high-f plasmas such as the one expected in JT-60SA
(max Br /I, = 2.25T /5.5MA, major and minor radii R = 2.92 m and @ = 1.14 m.). NTMs can
be controlled by injecting electron cyclotron (ECRF) waves inside the magnetic island, through
current drive (ECCD) or local heating (ECRH). Experiments dedicated to active NTM control
are planned for the third JT-60SA campaign (OP3), but the scenario will be developed and op-
timized starting from OP2. The evolution of the magnetic island is described through the gener-
alized Rutherford equation (GRE) [1], which governs the time evolution of the island width W.
The model computes the evolution of an initial seed island of 2 cm, located in ry, assuming a
linearly stable rational surface (r;Aj = —2, with Ay the linear stability index), accounting for the
destabilizing drive of the bootstrap current and the stabilizing effect of the curvature. The stabi-
lizing contributions of the externally driven current and of the associated ohmic heating within
the island are also included. In present work, GRE is solved for fixed equilibrium and plasma
parameters (stand-alone mode, SA) to perform fast and systematic parameter scans and to study
control dynamics that do not substantially modify the background plasma. An alternative con-
figuration is the coupled mode (CM), in which the parameters entering the GRE are updated
according to the evolution provided by the integrated transport code JINTRAC [2]. The analysis

Table 1: Heating power and electron density at the resonant surface for the three analyzed scenarios.

Scenario Pscrr IMW] - Pongr IMW] - Pungr IMW] 1. (r) [101° m—3]
Low density (LD) 3 11 5 2.23
Medium density (MD) 3 11 5 3.71
High density (HD) 3 6 10 5.07

is carried out on three JT-60SA OP2 hybrid scenarios (/,/Br = 2.5 MA/1.7 T) taken from [3],
characterized by three different density levels and labelled as low (LD), medium (MD) and high
density (HD), see Table 1. For each, we evaluate the free 2/1 NTM evolution, the minimum sup-
pression requirements, and control actions to mitigate the risk where the available power is not

sufficient for complete stabilization.



Table 2: Summary of the free and controlled 2/1 NTM evolution for the three density scenarios calculating
using SA model: maximum island width Wy, and saturation time Ty, (time to reach 90% of W) from the
free evolution, marginal power P4 for continuous and modulated injection, and current-drive width Weq.

Here we set ap; = 2.6, Wy, =2.5cmand ; =0.2

Scenario Wasat [cm] T [S] Preq [IMW] - Peg [MW] (mod.)  Weq [cm]
Low density 16.64 2.94 2.79 1.42 10.3
Medium density 16.03 1.69 5.07 2.17 12.6
High density 15.00 0.99 9.25 3.40 14.9
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Figure 1: Marginal power Pq for 2/1 NTM suppression in the MD scenario versus a,s and W; for contin-
uous injection (left) and modulated injection (right). The line is the Beq = 3 MW contour; the star marks

the reference point (ap; = 2.6, W; = 2.5 cm).

2/1 NTM evolution and stabilization

The island grows and saturates, reaching a maximum width Wy, in a timescale set by the sat-
uration time Tgy¢ (time to reach 90% of Wy,) (see Table 2). We listed explicitly the value of some
parameters whose impact on the evolution is investigated in this work: the coefficient a;; collects
the kinetic and geometric factors of the bootstrap drive and is commonly fitted to experiment,
with a reference value of 2.6 [4]; the width W, at which the bootstrap drive peaks, depends on
(XL/%))lw~o0 and is estimated as 2.5 cm [5, 6]; finally, x| [w~~0 enters in the heating contribu-
tion and sets how well the island retains the heat from the external drive; it can be estimated from
data [7] but lacks an established predictive model and values one to two orders of magnitude
below the equilibrium diffusivity are commonly used. We adopt )}, = 0.2, which corresponds
to around 0.1 ¥heat,eq- A comparison between SA and CM models shows a discrepancy between
2% and 4.5% on the value of the saturation width, making the two models consistent. Using the
SA model, the 2/1 NTM dynamics is analyzed under stationary conditions. The LD scenario sat-
urates at the largest width but over the longest time, while increasing density reduces both W,
and Tgy.



The control phase is then assessed by injecting ECRF power at the island O-point.

The controllability of the scenario is ex-
pressed in terms of the power requirements
Preq, defined as:

Preq = min{PECRF : dW/dt <0OVW > 0}

Preq increases with density so that the avail-
able 3 MW are sufficient to stabilize the 2/1
mode only in the LD scenario. The applica-
tion of power with a 50% in-phase duty cy-
cle lowers Peq as shown in Table 2, bring-
ing the MD case within the controllable re-
gion (see Fig. 1(right)). Several of the pa-
rameters entering the model are tied to lo-
cal plasma quantities at the resonant surface
and are difficult to estimate a priori. The im-
pact of the parameter uncertainty is assessed
through a scan over ap; € [2,2.6] to modu-
late the strength of the boostrap current and
W, € [1,4.5] cm is scanned, following the lit-
erature [8]. Their impact on the control re-
quirements is assessed through a scan over
the bootstrap coefficient a,s and the satura-
tion width W,;. Figure 1 shows the paramet-
ric study of Peq for MD across the explored
(aps, Wy) plane. In this work we adopted con-
servative values for (ap, W;) as shown in Fig-
ure 1 in the MD case. With these values, avail-
able Prcrr = 3MW is not sufficient in the
continuous case (left) but allows 2/1 supres-
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Figure 2: Integrated JETTO-JINTRAC simulation of
2/1 NTM suppression in the high-density scenario,
comparing an NBI power ramp-down alone (light)
with the same ramp-down assisted by constant 3 MW
ECREF injection (dark). Top: island width W; mid-
dle: poloidal 3, with the marginal value Bpa and
the ECRF-assisted suppression value Bgc indicated
(dashed); bottom: NBI and ECRF power. Markers
and vertical lines denote the suppression time in each

case.

sion if modulating (right). The operating point adopted in this work lies close to the 3 MW

boundary, on the side where the available power is not sufficient. A modulated injection leads to

a significative enhancement of the controllability.

Study for 2/1 control in HD scenario

The HD scenario cannot be stabilized with the available power, even with modulation. The 2/1

mode can in principle self-heal if B, < Bnare = 0.2. In the following, we address the study of a

strategy to sustain the ECRF injection with suitable reduction of NBI power. Too large NBI re-

duction can strongly degrades the discharge performance also with the drawback of changing the

linear stability (not considered in the present study). In Figure 2, a linear ramp-down of the NBI

power (without ECRF injection) is firstly studied and then compared with the case of continuous



ECREF injection at the island O-point. As evaluated from solving the GRE, complete suppression
can be achieved at a higher value Pgc = 0.45 > Bmarg, when using ECRF. However, the Bgc
is yet small and would require a strong NBI reduction of more than 8MW. A further improve-
ment can be obtained with modulated ECRF injection: that raises the suppression threshold to

ﬁEQmod =0.82.

Conclusions

The dynamics and controllability of the 2/1 NTM (r;Aj = —2, linearly stable regime) have
been studied in JT-60SA OP2 hybrid scenarios also taking into account the uncertainty of some
parameters on the GRE (Table 2, SA model), focusing on a conservative set of parameters. In
the free evolution, the low-density scenario reaches the largest saturated width (W /a ~ 15%),
but in a longer time. This scenario is, however, the most controllable: working at lower density
and higher temperature increases the current-drive efficiency (~ 7T, /n,), and a continuous 3 MW
ECREF injection is sufficient for complete suppression of the 2/1 mode only in this case. For the
medium-density scenarios full power modulation is required over the whole expected range of
GRE parameters (see Fig. 1). Indeed, the high-density scenario remains critical; integrated JIN-
TRAC simulations were performed to study a possible strategy involving both ECRF injection
and partial reduction of the NBI power indicating that ECRF modulation is likely required to not
drastically reduce NBI (and hence performance) during the control phase. More defined strate-
gies to control 2/1 NTMs, while keeping high performance, will be developed in view of OP3

campaign, also considering experimental results from OP2.
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