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Abstract. The redistribution of the divertor flux caused by the synergy of the supersonic-molecular-beam-

injection (SMBI) and the magnetic perturbations induced by lower hybrid waves (LHWs), has been observed

on the Experimental Advanced Superconducting Tokamak (EAST) [Li J. et al 2013 Nature Phys. 9 817]. To

reveal the physical mechanism behind, first simulations with good agreements to the experimental findings are

performed by utilizing a self-consistent fluid 3D edge plasma Monte-Carlo code coupled to a kinetic neutral

particle transport code. The ions and electrons originating from the ionization of injected neutral particles in

the plasma edge flow along the magnetic flux tube towards to the divertor, thus directly increasing the divertor

flux on the split strike lines in the footprint. Combining this with the multi-lobe structure of the edge magnetic

topology, actively controlling the divertor flux can be realized by adjusting the SMBI position or the phase of the

magnetic perturbations.
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1. Introduction

Confining a plasma by utilizing magnetic fields into an

annular vessel known as a tokamak is one of the most

promising approaches to generate controllable nuclear

fusion power for human kind. A serious challenge

for high-power long-pulse operations of the tokamak is

how to prevent damage to the plasma-facing components

by particles from the edge plasma. As an essential

exhaust system for manipulating power flow and removing

reaction wastes, the divertor has to resist giant heat load

transported by the edge plasma flows from the core

plasma. However, in the high-confinement mode (H-mode)

operating scenario [1] of a future fusion device, such as

ITER, the local heat deposition on divertor targets is quite

high compared to the tolerance of the current materials,

particularly during the edge-localized mode (ELM) crash

which is kind of a magneto-hydrodynamic instability due

to quasi-periodic relaxation of the edge transport barrier [2].

Therefore, actively controlling the divertor flux by feasible

mechanisms is an attractive and significant topic for current

tokamaks, as well as future fusion reactors.

Significant progress has been made in this research

area in the past decades. As an effective measurement,

resonant magnetic perturbations (RMPs) created by exter-

nal magnetic coils have been demonstrated for causing the

strike line splitting on divertor targets in many tokamaks

[3–10]. They could also be used to ELM control through

affecting the plasma pressure gradient and an associated

current density in the edge plasma due to the changes of

the magnetic topology. Nevertheless, an inevitable prob-

lem for applying coil-induced RMPs is that the plasma con-

figuration is restricted in a narrow resonant edge safety

factor window because of the fixed coil geometry. Fortu-

nately, an alternative method has been found in experiments

from the Experimental Advanced Superconducting Toka-

mak (EAST) [11]. Lower hybrid waves (LHWs), which

were initially designed for driving a core plasma current

by providing low momentum injection via electron Lan-

dau damping [12], can generate the similar magnetic per-

turbation effects by inducing helical current filaments flow-

ing along magnetic field lines in the scrape-off layer (SOL)

[13]. The helicity of current filaments always closely fits the

pitch of the edge field lines whatever the edge safety factor

is, so the spectrum of LHW-induced perturbation fields is

adjusted automatically in different plasma configurations.

Previous experiments and simulations indicated that such

magnetic perturbations not only can be applied for ELM

control as well, but also always have a good resonant ef-

fect with the dominant toroidal mode number n = 1, thus

resulting in the strike line splitting on divertor targets [14].

Recently, a potential actuator to control the divertor

flux distribution by using the synergy of the supersonic-

molecular-beam-injection (SMBI) [15] and LHW-induced

magnetic perturbations has been observed on EAST

experiments [16]. This measurement has already been

Figure 1. (color online). The heat flux measured by an infrared camera at

the OSP and the SSP of a toroidal position on the lower outer divertor in

the H-mode discharge #41810 with various SMBI pulse lengths, i.e. 8, 10,

and 12 ms.

utilized to help EAST achieve a new record duration of

steady-state H-mode discharge over 100 seconds in the

2017 campaign [17]. However, the physical mechanism

behind is still not clear.

In this paper, we report on the first simulations

along with above experimental observations performed by

utilizing the self-consistent fluid 3D edge plasma code

EMC3 [18] coupled to the kinetic neutral particle transport

code EIRENE [19, 20]. EMC3 solves a set of Braginskii

fluid equations formulated in a Fokker-Planck scheme by

using the Monte-Carlo method, while the EIRENE code

is for multi-species Boltzmann equations with chemical

processes, based on conventional Monte-Carlo particle

transport algorithms. After continuous improvements

and upgrade in the past years, EMC3-EIRENE now is

capable of taking into account the LHW-induced magnetic

perturbations with both the physical and geometrical effects

being considered [21].

2. Experimental observations

EAST is the first fully superconducting tokamak de-

vice built for demonstrating the long-pulse stable high-

performance plasma with ITER-like heating schemes, i.e.,

dominated by electron heating from LHWs, neutral beam

injection (NBI), ion cyclotron resonance heating (ICRH)

and electron cyclotron resonance heating (ECRH). At

present, two LHW systems operating at frequencies of 2.45

GHz and 4.6 GHz respectively, and two SMBI systems

designed initially for plasma density maintenance, are in-

stalled at the low field side mid-plane in different toroidal

positions. Hereinafter, the toroidal angle ϕ of the device is

defined by locating the center of the 4.6 GHz LHW antenna

at ϕ = π, and the positive toroidal direction is anticlockwise

direction from the top view.

The influence of SMBI pulses with LHW-induced

magnetic perturbations on the divertor heat flux has been

studied in a H-mode deuterium plasma discharge [22]. In

this experiment, the plasma is predominantly driven by the
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Figure 11. (color online). Time evolution of the parallel ion saturation

current measured by Langmuir probes on the upper outer divertor in the

Ohmic discharge #85791 without using magnetic perturbations. Similar

to figure 2, The black vertical lines indicate the pulse time and the pulse

length.

amplitude of the LHW-induced helical current filaments

increases with an increase in either the LHW input power

or the plasma density [13, 21]. From figure 6, the SMBI-

induced local higher density region is formed in front of

the LHW antennas by flowing the magnetic flux tube, thus

increasing the LHW absorption in the SOL. These absorbed

energies not only further weakly increase the heat flux at

the SSP on divertor targets, but also affect the amplitude

of magnetic perturbations. However, so far the quantitative

relationship between the LHW absorption, the SMBI and

the LHW-induced magnetic perturbations is still unclear

due to the complex physics processes. This need to further

study from the experiments and simulations in the future.

For the quantitative comparison, figure 10 shows pro-

files of experimental and simulated parallel ion saturation

current on the upper outer divertor target. It shows an agree-

ment between the simulation and the experiment. The dis-

crepancy may be caused by undetermined deviations from

experimental measurements, the estimated LHW-induced

SOL filament current, the deviation of the SMBI conditions,

non-uniform cross field transport coefficients and so on.

The impurity effects also is a reason of the absolute value

discrepancy, which has been discussed in the Ref. [30].

The prediction of the local higher density region

induced by the SMBI has been verified in the EAST

experiments. So far, there is no diagnostic which can

directly provide the density profile in the simulated higher

density region in the SOL on EAST, because of the quite

limited number of diagnostics at distinct locations with

different plasma positions. However, according to the

simulations, if a higher density region caused by the SMBI

is formed in the SOL, the split strike points should be

measured by the divertor probes in an Ohmic discharge

without magnetic perturbations, because the plasma in such

higher density region will flow along the magnetic flux

tube towards to the divertor. Recently, such experiments

have demonstrated on EAST to verify that the SMBI

actually generated a local higher density region in the SOL.

Figure 12. (color online). The simulated particle flux on the upper outer

divertor with the SMBI in the Ohmic discharge #85791 without using

magnetic perturbations. The white dashed line corresponds to the toroidal

position of the divertor Langmuir probe.

In the experiment without magnetic perturbations (EAST

#85791), the SMBI only injected several pulses in order

to show clearly its effects on the divertor flux. Figure 11

indicates the parallel ion saturation current measured by

the divertor probes in the Ohmic discharge #85791 with

upper single-null configuration (Ip ∼ 0.4 MA, q95 ∼

6.05). The split strike points are appeared as predictions

after each SMBI pulse. Figure 12 shows the simulated

particle flux on the divertor target using the EMC3-EIRENE

code. The split strike point caused by the SMBI-induced

local higher density region shows a good agreement with

the experimental data. In the Ohmic discharge without

magnetic perturbations, there is no evident split strike line

for the divertor heat flux caused by the SMBI both from

the experiment and the simulation. This further proves that

the divertor flux control is benefit from the synergy of the

SMBI and the magnetic perturbations.

Utilizing the multi-lobe structure of the magnetic

topology with the density feedback control by the SMBI,

a method to actively steer the divertor flux is proposed

by adjusting the SMBI position or the phase of magnetic

perturbations. The SMBI system in the above #64784

discharge simulations is located at the toroidal position of

13π/8 rad. Owed to the strong three-dimensional feature of

the magnetic topology with LHW-induced perturbations, it

is worthy to simulate the edge plasma transport with another

SMBI system (corresponding to the toroidal position of π/2

rad) on EAST. The LHW-induced multi-lobe structure of

the magnetic topology near the LCFS can be regarded as

several groups. The number of lobes in each group is the

same as the number of rows of the LHW antenna. From

figure 4, the high plasma density region caused by the

SMBI is located at the lowest lobe in a group of the multi-

lobe structure. It results in that the largest modification of

divertor flux appears in the highest split striation arm on the

footprint. In contrast, if the SMBI position corresponds to

the highest lobe in a group of the multi-lobe structure as

shown in figure 13, the divertor flux modification located at

the lowest split striation arm has the largest modification.
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