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In this research, we investigate the effect of magnetic flux tube expansion on the divertor plasma parameters
by using the fluid code “LINDA”. A comparison between the cylindrical flux tube (without the magnetic flux
expansion) and the expansion magnetic flux tube has been undertaken. The aim of the study is to understand the
impact of magnetic field expansion on the divertor physics by using the LINDA fluid code. The plasma density
(ni) is decreased and parallel velocity is increased (ui||) toward the target plate with the expansion of magnetic
field lines near the target plate. The heat and particle fluxes are reduced significantly on the target plate in the
case of the expansion mesh configuration. For the case of cylindrical mesh, advection becomes stronger with the
decreasing distance from the target plate. In the case of expansion mesh, diffusion is stronger with the decreasing
distance from the target plate. These outcomes clearly indicate the effect of the magnetic field structure on the
divertor plasma parameters.
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1. Introduction
In the magnetic confinement fusion reactors high tem-

perature and density plasmas are to be confined in the
core region. The impurities generate because the plasma-
wall interactions can go in the vicinity of the core region.
This process badly affects the fusion reactions in the core
plasma region. Consequently, the divertor concept is de-
veloped to overcome the difficulties noted above. How-
ever, the suppression of the high heat load on the divertor
target plates is an unsolved research issue to date. There-
fore, it is necessary to reveal a scenario with the reason-
able heat-flux on the target plates. The plasma detachment
state is considered to be an efficient way to control the heat
load on the target plate [1–5]. As a consequence, it is also
necessary to understand fully the processes of plasma de-
tachment in fusion devices.

The high heat load on the divertor target plate can be
reduced via volume plasma recombination and by impu-
rity radiation. Impurity particle reduces the plasma tem-
perature in the divertor region, which makes a strong tem-
perature gradient toward the core. As a result, the impuri-
ties are transported into the core region via thermal force.
Impurity radiation is good for divertor region, but it can
make thermal collapse in the core region. Thus, we need
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to think of a divertor regime with a reasonably lower im-
purity concentration. The heat load on the target plate can
also be reduced by expanding the magnetic flux tube near
the divertor target plate. More specifically, it is important
to investigate the effects of (1) the magnetic connection to
length to divertor plate, and (2) the magnetic flux tubes
broaden on the divertor plasma physics.

Numerical simulation is an enormous way for under-
standing the physics of plasma detachment. In the innova-
tive research, we have investigated the effects of magnetic
flux tube on the divertor plasma parameters by using the
multi-fluid code “LINDA” [6–11]. In the LINDA code, 2-
D numerical mesh are formed in the cylindrical coordinate
under the assumptions of axisymmetric. The LINDA is de-
veloped based on the B2 fluid code [12]. A tungsten (W)
target plate is created at the end of the mesh, where divertor
boundary conditions are imposed.

In this research, we investigate the effect of magnetic
flux tube expansion on the divertor plasma parameters nu-
merically by the LINDA code. More specially, two differ-
ent magnetic field lines (expansion mesh and cylindrical
mesh) are generated for investigating the effect of magnetic
flux geometry on the divertor plasma. As a consequence, a
comparison between the cylindrical flux tube (without the
magnetic flux expansion) and the expansion magnetic flux
tube has been undertaken in this innovative research work.

c© 2021 The Japan Society of Plasma
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2. Numerical Simulation Model
2.1 Mesh structure

The simulation model for the cylindrical and expan-
sion mesh structure is shown in Fig. 1. The LINDA code
is a 2D code, which has been developed based on the ax-
isymmetric condition. The number of mesh in the axial and
radial direction are 66 and 50, respectively. The numerical
mesh along with the axial directions are the same for both
of the configurations (z = 0 - 0.7 m). As for the expansion
mesh case, the magnetic flux tube is expanded in the ra-
dial direction toward the target plate (r = 0 - 0.15 m), as
shown in Fig. 1 (a). On the other hand, for the cylindrical
mesh case, the magnetic flux tube is uniform along the ra-
dial direction (r = 0 - 0.15 m) in the entire mesh, as shown
in Fig. 1 (b). As shown in Fig. 1, a target plate is located at
the end of the mesh. The divertor boundary is applied on
the target plate. More detailed descriptions of the LINDA
code are given in the references [6–11].

2.2 Plasma fluid equations
The LINDA code consists of continuity equation (out-

puts plasma density, assume ni = ne), momentum balance
equation (outputs parallel velocity), ion and electron en-
ergy equations (output are ion, and electron temperature).
The hypotheses of the LINDA code are: (1) plasma is
quasi-neutral and am-bipolar flow, (2) ion velocity is ne-
glected in the diamagnetic direction, (3) anomalous and
classical transport in the radial and perpendicular direction,
respectively, (4) viscosity tensor is simplified, (5) effect of

Fig. 1 Mesh structure of the simulation model (a) expansion
mesh and (b) cylindrical mesh.

drift and of current is ignored, (6) electron mass has been
considered as 0 (zero), consequently, the momentum bal-
ance equation has been numerically solved only for the ion,
and (7) continuity equation is also solved only for ion, and
electron density is assumed to be equal to ion density.
The fluid equations are:
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Diffusion approximation in the radial direction is:
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The electron energy balance equation:
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The S i
n, S i

mu||, S e
E , and S i

E express the loss (sink) and pro-
duction (source) terms respectively for continuity, paral-
lel momentum, electron, and ion energy equation during
collisions of plasma and neutral particles. The ionization,
charge-exhange and recombination rate of H are included
in the present model [13].
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The upstream boundary conditions are applied in front
of the most left side of Fig. 1. The upstream boundary con-
ditions are fixed during iterations. During the iteration pro-
cess, the upstream boundary conditions are given below:

Electron heat flux,

Fe(z = 0, r,Nit) =
5
2

neTeui, (6)

Ion heat flux,

Fi(z = 0, r,Nit) =
5
2

niTiui, (7)

Particle flux,

Γi(z = 0, r,Nit) = niui. (8)

At the initial stage of iteration, the initial conditions of the
plasma parameters are given based on the following four
equations:
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Where, r0n, r0i, r0e indicate half maximum full-width of
physical quantities, r is spatial position of physical quan-
tities in the radial direction, Nit is the number of itera-
tion. The values of the half maximum full-width are given
based on the typical experimental parameters of GAMMA
10/PDX.

The divertor boundary condition on the target plate are
written below:

ui|| ≥
√

Ti + Te

mi
. (13)

Ion heat transfer coefficient through the sheath entrance:

αi = 3.5. (14)

Electron heat transfer coefficient through the sheath en-
trance:

αe = 4.0. (15)

The boundary conditions for the electron (qe) and ion (qi)
energy balance equations on the target plate are as follows:

qi = αiniui||Ti, qe = αeneue||Te. (16)

The heat flux and particle flux on the target plate are:
Heat flux,

q = qi + qe. (17)

Particle flux,

Γi = niui||. (18)

Radial transport coefficients:

κ⊥i = 0.2 × ni, κ⊥e = 4.0 × ne,

and

η⊥ = 0.2 × mi × ni.

3. Simulation Results and Discussion
The 2D profiles of plasma density and parallel veloc-

ity are shown in Fig. 2. As shown in the figure, the plasma
parameters are strongly affected by the magnetic flux struc-
ture near the target plate. Compared to Figs. 2 (a) and (b),
it is shown that the plasma density is decreased towards
the target plate for the expansion mesh. In particular, the
plasma density is shown to be 10 times higher for the cylin-
drical mesh compared to the expansion mesh, as shown in
Figs. 2 (a) and (b). Furthermore, the radial plasma density
gradient is lower for the expansion mesh compared to the

Fig. 2 2D profiles of plasma density for (a) expansion mesh, (b)
cylindrical mesh, and 2D profiles of parallel velocity for
(c) expansion mesh, (d) cylindrical mesh.

2403049-3



Plasma and Fusion Research: Regular Articles Volume 16, 2403049 (2021)

cylindrical mesh, as shown in Figs. 2 (a) - (b). As plasma
density is decreased the heat conduction is also changed.

The ion parallel velocity is also strongly influenced
by the magnetic flux expansion. The ion parallel velocity
is increased near the target plate for the expansion mesh
compared to cylindrical mesh, as shown in Figs. 2 (c) and
(d). In order to understand the 2D results more clearly, the
1D profile of the plasma parameters are shown in Fig. 3.

The 2D profiles of ion and electron temperature are
shown in Fig. 3. As shown in the figure, the ion tempera-
ture is affected by the magnetic flux structure near the tar-
get plate. Compared to Figs. 3 (a) and (b), it is shown that
the ion temperature is decreased towards the target plate for
the cylindrical mesh. Since the plasma density is higher for

Fig. 3 2D profiles of ion temperature for (a) expansion mesh,
(b) cylindrical mesh, and electron temperature for (c) ex-
pansion mesh, (d) cylindrical mesh.

the cylindrical mesh (Figs. 2 (a) and (b)), the ion tempera-
ture is reduced via the electron-ion relaxation processes.
On the other hand, the electron temperature is increased
near the target plate for the cylindrical mesh compared to
the expansion mesh, as shown in Figs. 3 (c) - (d).

The 1D profile of electron temperature (Te) is shown

Fig. 4 Axial profiles of plasma parameters (at r = 0 m) (a) Te,
(b) Te, (c) ui||, and (d) ni.
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in Fig. 4 (a). Since the plasma density is higher for the
cylindrical mesh, the electron-ion collisions are enhanced.
Consequently, the Te is shown to be higher for the cylin-
drical mesh than that of the expansion mesh, as shown in
Fig. 4 (a). The 1D profile of ion temperature (Ti) is also
shown in Fig. 4 (b). The ion temperature is shown to be
lower for the cylindrical mesh compared to the expansion
mesh, as shown in Fig. 4 (b). The electron-ion collisions
affect the electron and ion temperature due to the differ-
ence in the plasma density for the cylindrical and expan-
sion mesh.

The parallel velocity is shown to be lower for the
cylindrical mesh compared to the expansion mesh, as
shown in Fig. 4 (c). A consequence of the flux tube ex-
pansion is the difference of the parallel velocity around
z ∼ 0.2 - 0.5 m in Fig. 4 (c). On the other hand, the par-
allel velocity on the target plate is shown to be similar for
both the mesh structures, as shown in Fig. 4 (c). The Bohm
boundary condition is applied on the target plate for the
parallel velocity. As a consequence, the velocity on the
target plate is determined by the divertor boundary condi-
tion.

The plasma density is shown to be significantly lower
for the expansion mesh in comparison to the cylindri-
cal mesh, as shown in Fig. 4 (d). Since the mesh area is
expanded radially, the flow velocity is enhanced but the
plasma density is reduced to maintain the particle balance
of the continuity equation. As the plasma density is re-

Fig. 5 Radial profiles of (a) heat flux and (b) particle fluxes on
the target for the expansion and cylindrical mesh.

duced, the heat conduction is also affected significantly.
In this paper, the effects of magnetic flux expansion

are investigated on the heat and particle fluxes on the target
plate. The radial profile of the heat flux and particle flux on
the target plate is shown in Fig. 5. The definition of the heat
flux and the particle flux on the target plate are given in the
equations 17 and 18, respectively. It is shown that the heat
flux on the target plate is reduced remarkably in the case
of expansion mesh compared to the cylindrical mesh, as
shown in Fig. 5 (a). Moreover, the heat flux on the target
plate is reduced by 10 times by expanding the magnetic
flux tube, as shown in Fig. 5 (a). The particle flux on the
target plate is shown to be 10 times lower in the case of
expansion mesh than that of the cylindrical mesh, as shown
in Fig. 5 (b).

More detailed investigation is necessary for under-
standing the impact of magnetic field structure on the di-
vertor physics. The physical mechanism will be investi-
gated in the future.

4. Summary
The effects of magnetic field structures on the plasma

parameters toward the target plate have been investigated
numerically by using the LINDA code. Plasma density de-
creases with the expansion of the magnetic field. Interac-
tions between ion and electron increase under the condi-
tion of cylindrical mesh. The heat flux and particle flux are
found to be 10 times lower in the case of expansion mesh
compared to the cylindrical mesh. It seems that decrease of
particle and heat fluxes depends on the cross-section area
of magnetic field. It is possible to generate large energy
loss area in plasma by expanding magnetic field lines to-
ward the target plate.
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