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ABSTRACT

Flux pumping was achieved in recent hybrid scenario exper-
iments in the ASDEX Upgrade (AUG) tokamak [1]. The self-
regulation mechanism of the AUG core plasma during flux pump-
Ing is investigated at realistic parameters with full magnetohy-
drodynamic (MHD) simulations using the JOREK code. A key
milestone is achieved by quantitatively reproducing the clamped
current density and safety factor profiles in the plasma core,
demonstrating the effectiveness of the dynamo effect in sustain-
iIng the AUG flux pumping state. The dynamo term, of particular
Interest, is primarily generated by the pressure-gradient driven
1/1 quasi-interchange-like MHD instability. The work system-
atically extrapolates the parameter regimes of flux pumping
from the above AUG base case by scanning dissipation coeffi-
cients and plasma beta. The simulation results reveal bifurcated
plasma behaviour, including distinct states such as flux pumping,
sawteeth, etc. The relationships between system dissipation,
plasma beta, and different plasma states are carefully analyzed.

FEATURES OF FLUX PUMPING

* gy ~ 1, shear-free in the core;

 m/n = 1/1 helical stationary plasma core;

* Dynamo prevents current & pressure from peaking;
« Sawtooth-free and self-regulating;

« Substantial share of non-inductive current;

* Hypothesis: higher current drive efficiency.
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Figure 1: Left: ¢ profiles for the ITER conventional scenario
(blue), the hybrid scenario (green) and the reversed
shear scenario (orange) [2]. Right: a schematic of
AUG discharge #36663 [1].

RECONSTRUCTED AUG PROFILES
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Figure 2: Initial profiles of pressure and current (source) for
3.75 ~ 3.95 s of phase llI.

PARAMETERS AND MHD MODEL

 Normalized beta: (5y ~ 3;

* Plasma current: I, ~ 0.806 MA;

e Spitzer resistivity: 7ais = 2.41 x 1077 Q- m;

 Kinematic viscosity: [iais = 2.70 m? - s™!;

- Anisotropic heat conductivities: /s, (electron) ~ 10';
e Lundquist number: S ~ 3 x 10°;

» Viscous Lundquist number: S, ~ 2 x 10%

- Hartmann number: H ~ x10%

* Magnetic Prandtl number: P ~ 1400;

- Based on the single-fluid visco-resistive two-temperature
full MHD model of JOREK.

* Dynamo theory has been adopted to study the self-regulating processes of toroidal magnetized plasmas, e.g., flux pumping in
tokamak [3] and single-helical state in the reversed-field pinch (RFP) [4];

* MHD dynamo in Ohm’s law for the mean field: (E) ~ —vy; x By +7(Jo — S,) — (0V x 6B) + (o) :

» Balance between MHD dynamo and current drive during flux pumping [6]: 0,(/;) ~ g ' (=V* (v x B) +V2[n (J, —

MHD dynamo Hall/diamagnetic dynamo [5]
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« M3D-C! modeling qualitatively reveals the role of the negative MHD dynamo in flux pumping and predicts a Binreshoid [71;
* Flux pumping (dynamo) has been studied for AUG [1, 6] (this work), EAST (diamagnetic dynamo) [8], DIII-D [9, 10], JET [11, 12], etc.

COMPARISONS: 2D VS 3D CASES DYNAMO EFFECT IN AUG CASES
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Figure 3: The ¢ (left) and current density (right) profiles at the
saturated stages of the 2D and 3D simulations, as
well as of the initial equilibrium.
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Figure 4: The dynamo electricfield vs. time from the 3D simula-
tion (left). Reconstructed profiles of the flux pumping
phase at 4.8s of discharge #36663: (middle) exper-
imental (blue, with IMSE data) and modeled (red,
without IMSE data) current densities; (right) corre-
sponding effective electric field deficit [1].

 [n 2D simulation, ¢, ~ 0.6; in 3D simulation, ¢, remains near
unity (=~ 0.99);

 The radial redistribution of toroidal plasma current is identified
In the 3D simulation;

* The radial profiles of ¢ and current density, along with the dy-
namo electric field, are quantitatively consistent with the AUG
reconstructions.

PARAMETER REGIMES OF FP & ST
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Figure 5: Left: different plasma states obtained at different
system dissipations. Right: ¢, evolutions of four rep-
resentative plasma states.
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Figure 6: Plasma states plotted over (left) the magnetic Prandtl
number and Hartmann number, and over (right) vary-
Ing plasma beta and Hartmann number.

* Flux pumping exists at low dissipation regime (with High
Hartmann numbers, H ~ 107);

At lower Hartmann numbers, ¢, drops below unity, and states
with sawteeth, single-crash state, and a stationary 1/1 island
are obtained, respectively;

* There is a plasma beta threshold for accessing flux pimping.
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Figure 7: Temporal evolutions of the radial profile of dynamo
electric field normalized by the increased ratio of
resistivity, respectively for cases (a) 10 X 7pase, (D)
10 x Nbase, (C) 10° x Nbase, and (d) 10* x Nbase- I 1S
fixed at 1400 for all cases.

* (@) FP: dynamo remains stable with the amplitude comparable
to the current drive intensity (q) ~ 1.0);

 (b) ST: dynamo exhibits periodic oscillations with the same
period as that of the q;

* (c) SC: dynamo becomes stationary after the first sawtooth
crash, the system enters a flux pumping like state (¢, ~ 0.9);

* (d) QS: dynamo fails to modulate ¢ profile as its amplitude
decreases to noise level (gy ~ 0.7).

CONCLUSION AND OUTLOOK

[Conclusion]

* AUG flux pumping is reproduced with JOREK modeling [6];

* Negative MHD dynamo loop voltage is of the order of mV/m;
* 1/1 mode induced MHD dynamo clamps ¢, ~ 1 and prevents
current & pressure from peaking, thereby avoiding sawtooth
onset;

« Parameter scans reveal the potential operating regimes of flux
pumping: low system dissipation and high plasma beta;
[Outlook]

* Investigate the operating window of current source;

« Extended MHD model: two-fluid effect, finite Larmor radius
(FLR) effect, energetic particles, fishbones;

* Modeling for the JET flux pumping experiments [12];

* Facilitate the development of a surrogate model [13].
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