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MHD Simulations of Pellet Injection in the LHD*
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To clarify motions of a plasmoid induced by pellet ablation in the Large Helical Device (LHD), MHD
simulations have been conducted. When a plasmoid is located on the inboard side of the mid-plane in the LHD,
it drifts in the negative direction of the major radius not only on the horizontally elongated poloidal cross section
but also on the vertically elongated poloidal cross section. This means that the plasmoid drifts to the lower field
side in the former and to the higher field side in the latter. Our simulations show that these motions are determined
by the direction of the curvature vector and the magnetic pressure distribution along the field line at the location

of the plasmoid.

© 2014 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords: pellet, ablation, MHD, CIP, LHD
DOI: 10.1585/pfr.9.3403130

1. Introduction

Injecting small pellets of frozen hydrogen into torus
plasmas is a proven method of fueling [1]. Since a high-
density low-temperature plasmoid induced by pellet abla-
tion drifts to the low-field side, pellet fueling to make the
plasmoid approach the core plasma in a tokamak is suc-
cessful when a pellet is injected from the high-field side.
However, such good performance has not yet been ob-
tained in experiments in the planar axis heliotron, the Large
Helical Device (LHD), even when a pellet was injected
from the high-field side [2]. To clarify the difference in
plasmoid motions in a tokamak and in the LHD, a three-
dimensional (3D) magnetohydrodynamics (MHD) code in-
cluding ablation processes has been developed by extend-
ing the pellet ablation code (CAP) [3,4]. In the LHD,
drift motion depends on the initial location of the plas-
moid, whereas in a tokamak, the plasmoid always drifts in
the direction of the major radius [5]. Especially, when the
plasmoid is located on the inboard side of the mid-plane
in the LHD, the plasmoid drifts in the negative direction
of the major radius not only on the horizontally elongated
poloidal cross section but also on the vertically elongated
poloidal cross section. This means that plasmoids drift to
the lower field side in the former and to the higher field side
in the latter. In this paper, we report simulation results that
explain the physical mechanisms causing this behavior.

2. Plasmoid Motion in the LHD

Since linear theory cannot be applied to a plasmoid
because of its large perturbations, nonlinear simulations
are required to explain plasmoid behavior. Plasmoid drift
is considered to be an MHD phenomenon because the drift
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speed obtained from experiments [1] is several percent of
the Alfvén velocity. Thus, a 3D MHD code including ab-
lation processes has been developed by extending the CAP
code. To investigate plasmoid motion in the LHD plas-
mas, an equilibrium state obtained from the HINT code [6]
is used as the bulk plasma. The cubic-interpolated pseu-
doparticle (CIP) method is used in the code as the numeri-
cal scheme [7], and cylindrical coordinate (R, ¢, Z) is used.
All physical variables are normalized by a length of 1m,
time of 107 s, magnetic field of 0.62 T, and hydrogen num-
ber density of 0.8 x 102 m=3.

Figure 1 (a) shows the plasma beta and rotational
transform of the LHD used in the simulations. The max-
imum and average beta are 3.6% and 1.0%, respectively,
and the magnetic axis is located at R = 3.8 m. As shown
in Fig. 1 (b), plasmoid 1 is located on the inboard side of
the mid-plane on the horizontally elongated poloidal cross
section. As an initial condition, it is assumed that the peak
value of the plasmoid density is 1000 times the density of
the bulk plasma. It is also assumed that the plasmoid has
no perturbations in the pressure and magnetic field so that
an initial force balance is satisfied and there are no artifi-
cial conditions. The plasmoid, whose half-width is 0.03,
encounters electrons with a fixed temperature of 1 keV and
density of 0.8 x 102®!m~3. The helical plasma has a sad-
dle point in the magnetic pressure near the core on the
poloidal cross section. Figure 1(c) shows the magnetic
pressure and the R-component of the curvature vector as
functions of R on the mid-plane. The saddle point is lo-
cated at R = 3.75, where the magnetic pressure is a maxi-
mum in the R-direction and a minimum in the Z-direction.
In addition, the curvature vector is almost zero. Then, plas-
moid 1 is located in a lower-field than the saddle point.
Figure 2 shows the temporal evolution of the average plas-
moid 1 density on the flux surface with the Boozer coor-
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Fig. 1 (a) Plasma beta B (solid line) and rotational transform
t/2n (dashed line) as functions of normalized minor ra-
dius p,. (b) Horizontally elongated poloidal cross sec-
tion in the LHD. Colors and contours show the equilib-
rium magnetic and plasma pressures, respectively. Circle
shows the initial position of plasmoid 1. (c) Magnetic
pressure (red) and R-component of the curvature vector
(blue) as functions of R at Z = 0 on the horizontally elon-
gated poloidal cross section.
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Fig. 2 Temporal evolution of the average density of plasmoid 1
on the flux surface as a function of p; with the Boozer
coordinate.

dinate. The plasmoid drifts in the direction of the minor
radius. This means that the plasmoid drifts to the lower
field side and in the direction opposite to that of the curva-

(®)

Fig.3 (a) Vertically elongated poloidal cross section in the
LHD. Colors and contours show the equilibrium mag-
netic and plasma pressures, respectively. Circle shows the
initial location of plasmoid 2. (b) Magnetic pressure (red)
and R-component of the curvature vector (blue) as func-
tions of R at Z = 0 on the vertically elongated poloidal
cross section.

ture vector because the plasmoid is located on the left-hand
side of the core center, as shown in Fig. 1 (b). The maxi-
mum value of the density decreases with time, as shown
in Fig.2. This is because the plasmoid is not only elon-
gated along the field line but also expanded across the flux
surface, and the area of each flux surface is different.

Plasmoid 2 is located on the inboard side of the mid-
plane in the vertically elongated poloidal cross section,
as shown in Fig.3 (a). Figure 3 (b) shows the magnetic
pressure and R-component of the curvature vector as func-
tions of R on the mid-plane. A saddle point is located at
R = 4.1, where the magnetic pressure is a minimum in the
R-direction and a maximum in the Z-direction, and the cur-
vature vector is almost zero. Then, plasmoid 2 is located
in a higher field than the saddle point. Figure 4 shows the
temporal evolution of the average plasmoid 2 density on
the flux surface with the Boozer coordinate. In the ini-
tial phase, the plasmoid drifts in the negative direction of
the minor radius, then subsequently it drifts in the posi-
tive direction. In other words, the plasmoid drifts first to
the lower field side, and then to the higher field side. This
motion is clearly different from that of plasmoid 1. The
physical mechanisms behind these differences in behavior
are discussed in section 3.
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Fig. 4 Temporal evolution of the average density of plasmoid 2
on the flux surface as a function of p; with the Boozer
coordinate.

3. Discussion

The force acting on a plasmoid located on the mid-
plane is approximately given by B®? - VBP!, where B®! is
the equilibrium magnetic field and B” is a perturbation of
the magnetic field [S]. Then, the R-component of the force
is expressed as follows.

Fr=eg- (B VB)

eq ppl
BB

:Beq.VBZl_ =

1
The first term in Eq. (1) represents the gradient of BI’;l along
the equilibrium magnetic field, and the second term rep-
resents the 1/R force due to the toroidal field [8]. Fig-
ures 5(a) and 5 (b) show the temporal evolutions of ac-
celerations of plasmoids 1 and 2, respectively. The red,
green, and blue lines show the first term, second term and
total force Fg in Eq. (1), respectively. The second term
in Eq. (1) is always positive because the sign of Bgl dif-
fers from that of B, due to the diamagnetic effect. In con-
trast, the sign of the first term is determined by the structure
of the magnetic field. In other words, when the plasmoid
drifts in the negative R direction, the first term should be
negative and its absolute value should be greater than that
of the second term. This is shown in Figs. 5 (a) and 5 (b).
The second term is dominant in a tokamak, and the first
term is dominant in the LHD when the plasmoid is located
on the inboard side of the mid-plane [5].

To clarify the physical mechanism for the behavior of
plasmoid 1, the first and second terms in Eq. (1) have been
evaluated. Figure 6 shows the first and second terms as
functions of R through the center of plasmoid 1 at (a) = 1
and (b) t = 18.2. As mentioned above, the second term is
always positive within the plasmoid. The behaviors of the
first terms in Figs. 6 (a) and 6 (b) can be explained by us-
ing the diagrams in Figs. 7 (a) and 7 (b), respectively. The
latter figures show the plasmoid and magnetic field on the
R-¢ plane at z = 0, i.e., on the mid-plane. In the initial
phase, plasmoid 1 is not only elongated along the magnetic
field line but also expanded perpendicular to it, as shown in
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Fig. 5 Acceleration as a function of time for (a) plasmoid 1 and
(b) plasmoid 2. Red, green, and blue lines show the accel-
eration due to the first term, second term, and total force,
respectively, in Eq. (1).

Fig. 7 (a). Because of such plasmoid motion, the magnetic
field lines a and b (black curves) change to a’ and " (red
curves), respectively. The R-component of the magnetic
field perturbation, BY ! is induced by the plasmoid motion,
as shown by the green arrows. Since the magnetic curva-
ture of field line a is greater than that of field line b, the
change from a to @’ is also greater than that from b to b’.
Then, the first term, B¢? - VBZI, becomes negative at field
line a and positive at field line b. The absolute value for
field line a is greater than that for field line b. This cor-
responds to the force in Fig.6(a). As a result, the force
acting on the plasmoid by the first term becomes negative,
as shown by the blue arrow in Fig.7 (a). After the initial
phase, the plasmoid shape forms an ellipse due to elon-
gation along the field line, as shown in Fig.7 (b). In that
figure, plasmoid 1 is on the left because it is located on
the inboard side of the mid-plane. The equilibrium mag-
netic pressure along the field line is a local minimum at
¢ = 0. This means that the plasmoid is elongated to the
higher field side along the field line. Since the flow of the
plasmoid along the field line is inhibited by the magnetic
pressure, the flow becomes narrow, as shown in Fig. 7 (b).
Due to such plasmoid flow, the magnetic field lines a and
b (black curves) change to @’ and b’ (red curves), respec-
tively. The R-component of the magnetic field perturba-
tion, Blpel, is induced, as shown by the green arrows. Since
the magnetic curvature of field line a is greater than that of
field line b, the change from a to @’ is also greater than that
from b to &’. Then, the first term, B¢? - VBIP.‘,I, becomes neg-
ative at field line a and positive at field line . The absolute
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Fig. 6 First term (red line) and second term (green line) in
Eq. (1) as functions of R through the center of the plas-
moid. Those for plasmoid 1 are at (a) + = 1 and (b)
t = 18.2. Those for plasmoid 2 are at (a) r = 2 and (b)
t=18.2.

value of field line a is greater than that of field line b. This
corresponds to the force in Fig. 6 (b). As a result, the force
acting on the plasmoid by the first term becomes negative,
as shown by the blue arrow in Fig. 7 (b), and the plasmoid
drifts to the lower field side. These interpretations explain
the plasmoid behaviors in Figs.2 and 5(a). The oscilla-
tions with a period of about 5us, shown in Fig.5, is in-
duced by the restoring force of the magnetic field.

The physical mechanism for the behavior of plasmoid

Bed

Plasmoid

()

@ @

ccdd

Fig. 7 Diagrams explaining the physical mechanism causing the
behavior of B*? - VBf;I on the R-¢ plane at z = 0. Motions
of plasmoid 1 (a) during and (b) after the initial phase.
Motions of plasmoid 2 (c) during and (d) after the initial
phase. Plasmoids are denoted by blue circles and ellipses.
Magnetic field lines a, b, ¢, and d (black curves) change
toa’, b, c’,and d’ (red curves), respectively, due to plas-
moid motion. Bﬁl is denoted by green arrows. The forces,
B4 . VBZI, are denoted by blue arrows. Vertically dashed
lines show the magnetic axes.

2 can be explained by using Figs.6(c), 6(d), 7(c), and
7 (d). Figure 6 shows the first and second terms in Eq. (1)
as functions of R through the center of plasmoid 2 at (c)
t = 2 and (d) + = 18.2. The second term is always posi-
tive within the plasmoid, as mentioned above. In the ini-
tial phase, the plasmoid is not only elongated along the
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magnetic field line but also expanded perpendicular to it,
as shown in Fig. 7 (c). The R-component of the magnetic
field perturbation, BY !, is induced by the plasmoid motion,
as shown by the green arrows. The first term, B¢? - VBZZ,
becomes positive at field line ¢ and negative at field line d.
This corresponds to the force in Fig. 6 (c). Then, the force
acting on the plasmoid by the first term becomes positive,
as shown by the blue arrow. After the initial phase, the
plasmoid shape forms an ellipse due to elongation along
the field line, as shown in Fig. 7 (d) in which plasmoid 2
is on the left because it is located on the inboard side of
the mid-plane. The equilibrium magnetic pressure along
the field line is a local maximum at ¢ = 0. Since the plas-
moid is elongated to the lower field side along the field
line, the flow of the plasmoid along the field line becomes
broad, as shown in Fig. 7 (d). Due to such plasmoid flow,
the magnetic field lines ¢ and d (black curves) change to
¢’ and d’ (red curves), respectively. In other words, the
R-component of the magnetic field perturbation, le, is in-
duced, as shown by the green arrows. Since the magnetic
curvature of field line c is greater than that of field line d,
the change from c to ¢’ is also greater than that from d to
d’. Then, the first term, B¢? - VBZI, becomes negative at
field line c and positive at field line d. The absolute value
of field line c is greater than that of field line d. This cor-
responds to the force in Fig.6(d). As a result, the force
acting on the plasmoid by the first term becomes negative,
as shown by the blue arrow in Fig. 7 (d), and the plasmoid
drifts to the higher field side. These interpretations explain
the behaviors in Figs. 4 and 5 (b).

Since plasmoids 1 and 2 are located on the inboard

side of the mid-plane on the horizontally and vertically
elongated poloidal cross sections, respectively, the R-
components of the curvature vectors for the plasmoids are
positive and negative, respectively. However, the magnetic
pressures along the field lines for plasmoids 1 and 2 are a
local minimum and maximum, respectively. We find that
these structures of the magnetic fields are essential to ex-
plain the plasmoid motions in terms of the physical mech-
anisms shown in Fig. 7.

4. Summary

Although a plasmoid induced by pellet ablation drifts
to the lower field side in a tokamak, plasmoid motion de-
pends on the structure of the magnetic field in the LHD.
In particular, a plasmoid located on the inboard side of the
mid-plane drifts to the higher field side on the vertically
elongated poloidal cross section. We have shown that this
motion is determined by the direction of the curvature vec-
tor and the magnetic pressure distribution along the field
line at the location of the plasmoid.
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