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Abstract:
The transport dynamic simulations for supersonic molecular beam injection (SMBI) fueling into H-
mode plasmas on the Experimental Advanced Superconducting Tokamak (EAST) is firstly
simulated using a seven-field fluid model in BOUT++ framework. The SMB is assumed injected
into plasma from the mid-plane at low field side (LFS) with fixed width and constantly successive
molecular flux. The different density and injection velocity of SMBI are investigated within the
upper single-null discharge geometry of EAST. The simulations indicate that the SMBI has a self-
shielding effect on molecules inward path to the plasma and finally the deposition of SMBI leads to
the large increase of plasma density and decrease of plasma temperature. There is a velocity
threshold for SMB traversing the pedestal and depositing at the density platform along the SMBI
path. However, the deposition point would be back towards plasma boundary after SMB arriving
the deepest penetration position. Comparing the molecular injection velocity and density, the
outcomes demonstrate that the depth of deposition is closely related with the injection velocity
rather than molecular density, and this is proved in the scenario of the SMBs are injected with the
same flux. The simulated results coincide with the experiment on EAST by comparing the electron
density profiles obtained by simulation and experiment, respectively. These results give good
references in future experiments, including the design of SMBI system.
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1. Introduction

Optimization of plasma fueling is attracting increasing interest for maintaining longer high-
density H-mode discharge, which is considered to be the operating scenario in future fusion devices,
such as ITER! and CFETR?. The traditional fueling method of gas puffing (GP) is the simplest one,
but has a poor fueling efficiency owning to the shallow injection depth. In contrast to GP, pellet
injection (PI) can penetrate deeper and obtain a peaked density profile. However, constructing and
vindicating a PI system is more expensive due to its more complex techniques. Moreover, too much
deeper deposition may arouse a large perturbation on fusion output, especially for large size pellet’.
Thus, pursuing an alternative fueling method that is higher fueling efficiency, more economical and
induces smaller perturbation on output for controlling the plasma density is an important issue.
SMBI technique is just that candidate for the medium fueling characteristics between PI and GP. It



was first equipped on HL-1M, and successfully demonstrated by Yao’s group®. After that the SMBI
got more popular and has been installed on various tokamak devices, such as HL-2A®, JT-60U°,
NSTX’, ASDEX Upgrade®, and also some stellarators including Heliotron J°, W7-AS'® and so on.
In fact, EAST was equipped with SMBI system, and developed a feedback system to achieve real-
time plasma density control and maintain plasma density at higher level'!. In recent studies,
moreover, SMBI is also used in real-time pedestal control method for getting increase of higher
frequency fluctuations and transport events in the pedestal and ultimately achieving so-called edge
localized modes (ELMs) mitigation, which has been demonstrated in EAST and HL-2A tokamaks'?
13

Therefore, considering the promising application of SMBI, it’s critical to investigate the fueling
process of SMBI and its transport dynamics in the context of H-mode for the very high plasma
performance. In this paper, we focus on the SMBI fuelling technique only and present numerical
simulations of SMBI induced perturbations to the pedestal using the code trans-neut physical
module within BOUT++ framework. BOUT++ is a powerful tool to simulate boundary plasma

turbulence in a complex geometry'* 13

and has been successfully used for simulating the divertor
heat flux in ELMy H-mode discharges on EAST'S. Trans-neut is developed within the framework
of BOUT++ to study the time-dependent transport of the injected neutrals in plasma. It is a seven-
field fluid physical model that couples plasma density and momentum transport equations together
with neutrals including molecules and atoms, as well as heat equations, which allow us to investigate
the phenomena, e.g. pedestal perturbation, after super molecular fueling injection into plasma'’. For
this study, a practical fluid fuelling model of SMBI developed by reduction of the Braginskii
equations'® '? has been implemented in trans-neut module. Studies of SMBI with trans-neut, whose
first steps are detailed in this paper, improve our physical understanding of this method and will
allow us to build reduced models for control applications. Firstly, we present the implementation of
SMBI model in section 2. And then we will show the results of 2D EAST SMBI simulations
investigating the plasma profile along the SMBI path by different beam velocity, density and flux
in section 3. Finally, the principal results are summarized in section 4.
2. Braginskii model implementation for SMBI in BOUT++

SMBI has a quite high injection speed (usually in a range of 500-1200 m/s) comparing with
gas puffing (GP). Thus, transport process of molecules is principal dominated by convection with
plasma during SMBI rather than diffusion (e.g. GP), and SMBI involves interaction of uncharged
particles with plasma rather than an ablation and shielding dominated process (e.g. PI)*.
Considering the convention and collision between particles, therefore we use the reduced Braginskii
equation modeling SMBI. During SMBI, there are several critical processes. Firstly, the molecules
get enough power from electrons and dissociate into two atoms. Secondly, the atoms absorb energy
from electrons and ionized into ions. Furthermore, there may exits charge-exchange process
between ions and atoms and they will exchange their energies. Finally, since electrons and ions lose
their energy, they may get recombined together and changed into atoms. Thus, according to different
particles (atoms, molecules and plasma) and for simplicity, a seven-field fluid model of SMBI can
be derived base on reduced Braginskii equations with terms of source and sink, which includes
plasma density, heat (electrons and ions), ions momentum transport equations together with neutral
(atoms and molecules) density and molecular momentum equations. What is needed to be
emphasized is that the atom transport is based on atom diffusion caused by the strong charge
exchange collision rate, which allows us to assume the equivalent ion and atom temperatures. In



addition, molecules are injected with initial constant speed which is supersonic relatively to its local
thermal speed along the radial direction from low field side (LFS). The molecular transport is
dominated by convection rather than diffusion because of the high collisionality.

For numerical implementation of the boundary conditions, field-aligned (x,y,z) coordinates are
applied in the simulation with BOUT++ framework, which divide the tokamak poloidal cross-
section into core, private flux and SOL region. In field aligned coordinates, x is the flux surface; y
is the coordinate along the magnetic field line. z is in the bi-normal direction. For radial flux-driven
boundary condition, T;, T, and N; are set with fixed-gradient and other evolving variables use
Neumann condition at innermost boundary of the core side. And at the innermost boundary flux
surface in the private flux region, the T; and T, are given the Dirichlet boundary conditions. At
the outermost flux surface in the SOL and private flux region, T; and T, use the Dirichlet
boundary conditions, while N; and density of atom N, are given wall particle recycling boundary
conditions, meanwhile Neumann boundary conditions are applied for all the evolving variables. For
the poloidal boundary condition, twist-shifted boundary conditions are used for all the evolving
variables at the closed magnetic surface region. On the divertor plates, N;, T;, T, and ion velocity
V; are given sheath boundary conditions, while divertor particle recycling boundary condition is
applied for N,. The most important one is the SMBI localized boundary conditions. In EAST
experiments, SMB is injected with a constant inflowing molecular flux in both toroidal and poloidal
directions at the far SOL boundary of the LFS. Thus, we set the molecular density N,,, and radial
velocity V,, with constant particle flux boundary conditions at outermost boundary flux surface of
simulation domain within a local region during SMBI. For more details of boundary conditions can
be found in reference !’.

3. Results of SMBI simulations with BOUT++

The simulations presented in the following start from EAST experimental profiles as shown in
figure 1 (particle density and temperature). The target plasma is H-mode (plasma discharge number
71438) and the main discharge parameters are [, = 0.6MA, a=0.51m. The simulation is initiated
at 5.059s, which is at the inter-ELM phase. The simulation domain is chosen from 0.55 < {yr < 1.05.
Here { is the normalized magnetic flux. The electron temperature T, and plasma density N; are
obtained by the Thomson scattering system. The ion temperature T; is measured by charge
exchange recombination spectroscopy (CXRS) at the core region and extrapolated to the edge region
with a similar shape of T,. It should be noted that the profiles are fitted and extrapolated outside
the separatrix. In this simulation, the supersonic molecular beam was injected from mid-plane of
LFS with a constant velocity and fixed injection width. 2-D simulations are performed with SMBI
of different initial beam speed, density and flux.
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Fig. 1. The (a), (b) and (c) are plasma density, ion temperature and electron profiles of shot 71438
at 5.059s on EAST, respectively.
3.1 Transport dynamics during SMBI

In this part, we set a constant molecular density Np,o = 0.1No (No = 1x10'%) and an inward
constant radial velocity Vimo=1000m/s. Figure 2 shows the evolution of N;, T;, T, and atomic
density N, profiles along the SMBI path. Note that the inside separatrix density increases firstly.
Furthermore, SMB crosses the pedestal top and deposits inward the plasma with SMBI. Meanwhile,
the temperature of ion and electron gets lower with the evolution of plasma density and the ion
temperature drops a lot than electron as shown in Fig. 2 (c) and (d). These are preferable for ELM
mitigation as it leads to a gentle gradient of density and temperature profiles. It is worth noting that
the deposition position of SMB comes back when it reaches the deepest position as shown in Figure
2 (a) and (b). These phenomena are dominated by the self-shielding effect of SMBI which leads to
a quite high density plasma layer on the path of later molecules inward plasma and finally blocks
SMB-itself getting deeper and the position of deposition gets outward with the decrease of plasma

temperature®.
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Fig. 2. The plasma density N; evolves with time as shown in (a), the insert is plasma density
successive evolution at Y = 0.7 with time; (b) is the ion temperature T; at different time. The
insert is the time evolution of the ion temperature at = 0.7; The electron temperature T, and
atom density N, profiles in different time as shown in (b) and (c), respectively. The inserts are also
T, and N, evolutionat { = 0.7.

For the steady state electron density profile after the SMB injection was obtained by assuming
N, = N; as shown in Fig.3(a). It indicates that the SMBI results in an increase in the entire profile
and a larger increase in pedestal region than the core plasma area. Inspection of the effect of SMBI
on electron density in experimental scenario as shown in Fig.3(b), reveals that the simulation result
is qualitatively consistent with the experiment. It should be noted that the experimental electron
density profiles before and after SMBI into plasma from mid-plane at low field side were obtained
for EAST shot 71439 using the Microwave reflectometer diagnostic system?'. The SMB pulse width
was 1 ms and about (1£0.25)x10"® molecules were injected with the velocity of about 1000 m/s.
Furthermore, the shots of 71439 and 71438 had the same discharge parameter except for the SMBI,
which 71438 had no SMBI after the I, reached the flat stage. Hence, we select the 71439 as our
experimental reference. The SMB pulse injected within two ELM cycles, so the effect of ELM could
be ignored during the SMBI phase. The experimental electron density profiles are averaged over a
time window within150us before and after SMBI. In this experimental scenario, the electron profile
has a larger increase than simulation results, because of the SMBI pulse width used in EAST is
longer than simulated condition. However, the tendencies in the entire profiles of the simulation and
experiment are coincident even the different SMBI pulse width.
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Fig. 3. (a) The electron density profiles before and after SMBI by simulation. (b) The
experimental results of the electron density profiles before and after SMBL.
3.2 Impact of the molecule density

For investigating the influence of different supersonic molecule density on pedestal, we set a
fixed molecule injection speed (Vxmo= -1000m/s) for different molecule density cases, which are (1)
Nmo = 0.05 No; (2) Nmo =0.1 No, (3) Nmo =0.2 No, (4) Nmo = 0.3 Np as shown in Fig.4. These cases
are consistent with the different background pressures of one SMBI system. For all these cases, the
SMBs cross the pedestal and lead to an increase of density (and decrease of temperature) in the
injection path. Compared to the lower molecule density injection, higher molecule density cases get
more increase of plasma density apparently. Correspondingly, the temperature decreases a lot
especially at the position of deposition and the pedestal region. However, it’s worth noting that for
all cases the deposition positions are the same, such as the positions of the highest plasma density
in Fig.4(b), the lowest ion temperature in Fig.4(c) and atom deposition point Fig.4(c). This indicates
that the depth of deposition has rare correlation to the injected supersonic molecular density.
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Fig. 4 The plasma density N;, ion temperature T;, electron temperature T, and atom density
profiles was plotted when the SMBI reaching the deepest position as shown in (a), (b), (c) and (d),
respectively.

3.3 Impact of injection speed

In realistic experiment, different designs of SMBI system have different injection velocities.
Here, we set a fixed molecular density (Nmo = 0.01No) and let the molecular injection velocity as a
variable. Four cases are investigated as shown in Fig.6. For the molecule beam injecting with
300m/s, which is below the supersonic speed, it deposits more particles in the low pedestal region,
and leads to a quite small increase of density at the hot plasma region as shown in Fig.5(a). In the
case of 600m/s in Fig.5(b), the SMB reaches at the top pedestal but still has a little contribution to
the core density. Fig.5(c) and (d) are the cases for 800m/s and 1000m/s of SMB, respectively, in
which the SMB all traverse the pedestal and results in a large increase on core plasma density. These
may imply that there is a threshold for SMB across the pedestal and depositing at the density
platform along the SMBI path.
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Fig. 5 Plasma density evolution with different molecular speeds. (a), (b), (c) and (d) are
corresponding with 300m/s, 600m/s, 800m/s and 1000m/s, respectively.

The same molecular injection flux (defined as Ny, X V0 = constant) with different
molecular density and injection speed cases are investigated to eliminate the influence of the
different molecular flux as presented above. We select the molecular flux as 300 N,,,m/s and
compare three cases: (1) Nmo=0.3No, Vimo = 1000m/s; (2) Nmo=0.5No, Vo =600m/s; (3) Nmo=0.6No,
Vmo =500m/s as shown in Fig. 6. The results show that the molecular beam with 1000m/s penetrates
the pedestal region and deposits deeper than others. Correspondingly, the SMB with higher speed
leads to a larger reduction of core ion temperature. These results coincide with the above discussion
and imply that the molecular injection speed is the dominant factor to determine the injection depth



even the molecule beams have the same flux.
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Fig. 6 SMBI with the same flux but different molecular density and speed.

4. Summary

To summarize this paper, the H-mode plasma in EAST scenario was simulated using a seven-
field fluid model in BOUT++ framework. These simulations indicate that the local density,
temperature perturbation at the pedestal induced by SMBI are increased within the scenarios of
different molecular density and speed. The results also indicate that on EAST the SMBI is impactful
for the increase of plasma density along the injection way, but that will lead to a decrease of plasma
temperature, especially the ion temperature. The simulated results coincide with the experiment on
EAST by comparing the steady state electron density profiles. During the SMBI phase, the
simulations reappeared the self-shielding effect of SMBI in reference®. Furthermore, we investigate
the influence of molecular density and its injection speed on pedestal and conclude that there is a
velocity threshold for the molecular beam to across the pedestal. The injected speed dominates the
depth of deposition even the molecular density is smaller as shown in the cases with the same flux.
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