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Pellet ablation in helical plasmas
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In order not only to clarify the difference on the motion of a plasmoid created by a pellet injection
between tokamak and helical plasmas but also to obtain the universal understanding on the motion in
torus plasmas, MHD simulations have been carried out in tokamak, vacuum toroidal field, RFP-like
and LHD configurations. It is found that the plasmoids drift in the opposite direction of the curvature
vector in tokamak, vacuum toroidal field and RFP-like configurations, but the plasmoid motions depend
on the initial locations of plasmoids in LHD. It is also clarified that there are two main forces acting on
the plasmoid, and the connection length determines which force is dominant on the plasmoid motion.
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1. Introduction

Injecting small pellets of frozen hydrogen into
torus plasmas is a proven method of fueling [1]. The
physical processes are divided into the following micro
and macro stages. The micro stage is the ablation of
mass at the pellet surface due to the high temperature
bulk plasma which the pellet encounters. The neutral
gas produced by the ablation is rapidly heated by elec-
trons and ionized to form a high density and low tem-
perature plasma, namely a plasmoid. The macro stage
is the redistribution of the plasmoid by free streaming
along the magnetic field lines and by MHD processes
which cause mass flow across flux surfaces. The mi-
cro stage is well-understood by an analytic method [2]
and numerical simulation [3]. The drift motion of the
plasmoid is investigated in the macro stage [4]. Since
the plasmoid drifts to the lower field side, the pel-
let fueling to make the plasmoid approach the core
plasma has succeeded by injecting the pellet from the
high field side in tokamak. On the other hand, such
a good performance has not been obtained yet in the
planar axis heliotron; Large Helical Device (LHD) ex-
periments, even if a pellet has been injected from the
high field side [5]. The purpose of the study is to
clarify the difference on the motion of the plasmoid
between tokamak and helical plasmas.

In order to investigate the motions of the plas-
moids in tokamak and LHD, the three dimensional
MHD code has been developed by extending the pel-
let ablation code (CAP) [3, 6]. Especially, since LHD
has complicated magnetic field, the simulations have
been carried out in three cases in which initial plas-
moids are located inside and outside the torus on the
horizontal elongated poloidal cross sections and in-
side the torus on the vertical elongated poloidal cross
section. In addition, in order to obtain the univer-
sal understanding in torus plasmas, MHD simulations
have been also carried out in vacuum toroidal field
and RFP-like (Reversed Field Pinch) configurations.

author’s e-mail: ishizaki@nifs.ac.jp

471

It is found that plasmoids drift in the opposite di-
rection of the magnetic curvature vector in the toka-
mak, vacuum toroidal field and RFP-like configura-
tions. On the other hand, it is found that the drift
motions depend on the initial locations of the plas-
moids in LHD. The plasmid motion is mainly deter-
mined by 1/R force due to toroidal field and the force
due to gradient of Bg along the field, where B%l is
the major radius component of the perturbed mag-
netic field induced by the plasmoid. The former force
implies the drift in the opposite direction of the cur-
vature vector which is induced in the tokamak and
vacuum toroidal field. Since the latter force is domi-
nant in the cases that the plasmoids are located inside
the torus in LHD, the plasmoid motions in LHD are
essentially different from one in tokamak. It is also
clarified that the connection length determines which
force is dominant on the plasmoid motion.

2. Basic Equations

Since the plasmoid has such a large perturbation
that the linear theory can not be applied, a nonlin-
ear simulation is required to clarify the behavior of
the plasmoid. The drift motion is considered to be a
MHD behavior because the drift speed obtained from
experimental data [1] is about several % of v4, where
v4 is an Alfvén velocity. Thus, the three dimensional
MHD code has been developed by extending the pellet
ablation code (CAP) [3]. The equations used in code
are:

dp
= — . 1
g pV - u, (1a)
du
— = - JxB
P Vp+J x
4

+vp {3V(V ‘u) —V x w] ,  (1b)

dp 2
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J = VxB, (Le)
w = Vxu (1f)

p, B, u and p are normalized by pg, By, v4 and
B2 /o at the magnetic axis, respectively, where y is
the magnetic permeability. v = 5/3, v = 10~ %v4Lg
and n = 10 %ugvaLo are used as the ratio of the
specific heats, viscosity and electric resistivity, respec-
tively, where Ly is a characteristic length; 1 m. Heat
source H is given by:
dqy dq-

74_7

H dl dl’

(2)

where ¢+ is the heat flux model dependent on elec-
tron density and temperature in the bulk plasma and
the plasmoid density. [ is the distance along the field
line. The subscript + (—) refers to the electrons go-
ing to the right (left). Then, the heat source can be
evaluated on each field line. Assuming Maxwellian
electrons incident to the plasmoid, a kinetic treatment
using a collisional stopping power formula leads to the
heat flux model, ¢4 [3] which is used in construction
of the ablation model [2].

In order to investigate the plasmoid motion in
LHD plasmas, an equilibrium obtained by the HINT
code [7] is used as the bulk plasma. Although the
HINT code uses the rotational helical coordinate sys-
tem, the CAP code uses the cylindrical coordinate sys-
tem (R, ¢, Z) because of preventing numerical insta-
bility induced by a locally and extremely large pertur-
bation of the plasmoid, where R is the major radius
and ¢ is the toroidal angle. In addition, the Cubic In-
terpolated Psudoparticle (CIP) method is used in the
code as a numerical scheme [8].

3. Drift motions of plasmoids in toka-
mak, vacuum toroidal field, RFP-like
and LHD configurations

The plasmoid motions are different between in
tokamak and LHD experiments. In order to clarify
the difference and obtain the universal understanding
on the plasmoid motions in torus plasmas, six simula-
tions have been carried out as shown in Tab. 1. The
magnetic configurations of cases 1, 2 and 3 are toka-
mak, vacuum toroidal field and RFP-like ones, respec-
tively. Cases 4, 5 and 6 have been carried out in order
to clarify the dependence on the initial locations of the
plasmoids in LHD. Initial locations of the plasmoids
in case 4 and 5 are respectively inside and outside the
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Table 1 Simulation conditions

Case Configuration Plasmoid Poloidal Curvature
location cross section vector

at plasmoid
1 Tokamak | inside — negative
2 Vacuum — — negative
3 RFP-like | inside — positive
4 LHD inside horizontal | positive
5 LHD outside | horizontal | negative
6 LHD inside vertical negative

torus on the horizontal elongated poloidal cross sec-
tion. The one in case 6 is inside the torus on the
vertical elongated poloidal cross section.

Figure 1(a) shows a poloidal cross section of a
tokamak in case 1, in which the contours and col-
ors show the magnetic and plasma pressures, respec-
tively. A circle is an initial plasmoid whose peak val-
ues of density and temperature of the plasmoid are
1000 times as large as density and 1/1000 times as
large as temperature of the bulk plasma, respectively.
The plasmoid, whose half width is 0.03, encounters
the electrons with fixed temperature 2 keV and den-
sity 1020 m~3. It is located inside the torus, namely
at the high field side. A magnetic curvature vector
where the plasmoid is located is negative in the major
radius direction. Figure 1(b) shows the plasma beta
and safety factor of the tokamak. Figures 2(a) and (b)
show the simulation results in the view from the top

(a)

0.5
0.005

Pressure

@ 50107 [
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Fig. 1 (a) Poloidal cross section in case 1 where Ry = 1.
Contours and colors show the magnetic and plasma
pressures, respectively. A circle is an initial plas-
moid. (b) Plasma beta 8 (solid line) and safety
factor ¢ (dashed line) as a function of normalized

minor radius ps.
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Fig. 2 View from the top of the torus in case 1. Whites
show plasmoid at (a) ¢ = 0 and (b) 5.
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Fig. 3 Poloidal cross section in case 2 where Ryp = 1. Con-
tours show the magnetic pressure. A circle is an
initial plasmoid.

of the torus at t = 0 and 5, respectively, which is nor-
malized by the Alfvén transit time. It is found that
the plasmoid expressed by a white sphere is elongated
along the magnetic field with about 25% of the Alfvén
velocity and simultaneously drifts in the direction of
the major radius with about 4% of the Alfvén velocity.

Figure 3 shows a poloidal cross section of a vac-
uum toroidal field in case 2 in which the contours show
the magnetic pressure. A magnetic curvature vector
at the plasmoid is negative in the major radius direc-
tion. Figures 4(a) and (b) show simulation results at
t = 0 and b5, respectively. The plasmoid drifts in the
direction of the major radius similarly to the tokamak.

Figure 5(a) shows the poloidal cross section of the
RFP-like configuration in case 3. An initial plasmoid
is located inside the torus. Figure 5(b) shows the
plasma beta and safety factor. This configuration is
not a typical RFP because it dose not have the rever-
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Fig. 4 View from the top of the torus in case 2. Whites
show plasmoid at (a) ¢ = 0 and (b) 5.

Pressure

Fig. 5 (a) Poloidal cross section in case 3 where Ry = 1.

Contours and colors show the magnetic and plasma
pressures, respectively. A circle is an initial plas-
moid. (b) Plasma beta (3 (solid line) and safety
factor ¢ (dashed line) as a function of normalized
minor radius ps.

sal of the toroidal field toward the wall. On the other
hand, it has the features of a typical RFP which are
the toroidal field ~ the poloidal field, the plasma beta,
B ~ 1 and the safety factor, ¢ ~ a/R ~ 0.1, where a
and R are minor and major radii, respectively. Then,
this configuration is called as the RFP-like one here.
Figures 6(a) and (b) show the simulation results at
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Fig. 6 View from the top of the torus in case 3. Whites
show plasmoid at (a) ¢ = 0 and (b) 2.

t = 0 and 2, respectively. The plasmoid is elongated
along the magnetic field and simultaneously drift in
the negative direction of the major radius. Since the
RFP-like configuration has larger poloidal field and
larger aspect ratio than the tokamak, the magnetic
curvature is dominated by the poloidal field. Then,
the curvature vector at the plasmoid is positive in the
major radius direction. It is found that the plasmoids
drift in the opposite direction to the magnetic curva-
ture similarly to cases 1 and 2. The motions in cases 1
and 2 are induced by 1/R force and the motion in case
3 is induced by 1/a force due to the magnetic field [9].
The detail is discussed in the following section.

The configuration of LHD in cases 4, 5 and 6 are
shown in Fig. 7. Figures 7(a) and (b) show the hor-
izontal elongated poloidal cross section and vertical
elongated poloidal cross section, respectively. Initial
plasmoids in cases 4 and 5 are shown in Fig. 7(a) and
one in case 6 is shown in Fig. 7(b). The plasmoids
in cases 4 and 6 are located inside the torus, namely
at the left hand side of the magnetic axis, and one in
case b is located outside the torus, namely at the right
hand side of the magnetic axis. The helical plasma has
a saddle point of the magnetic pressure on the poloidal
cross section. Since the plasmoid in case 4 is located
at the lower field side than the saddle point, the cur-
vature vector is positive in the major radius direction.
On the other hand, since the plasmoid in case 5 is
located at the lower field side than the saddle point,
the curvature vector is negative. Since the plasmoid
in case 6 is located at the higher field side than the
saddle point, the curvature vector is negative. Fig-
ure 7(c) shows the plasma beta and rotational trans-
form in LHD. The simulation results in cases 4, 5 and
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Fig. 7 Poloidal cross sections in (a) cases 4 and 5, and
(b) case 6 where Rp = 3.82. Contours and colors
show the magnetic and plasma pressures, respec-
tively. Circles are initial plasmoids. (c) Plasma
beta (8 (solid line) and rotational transform ¢/27
(dashed line) as a function of normalized minor ra-
dius ps.

6 are shown in Figs. 8, 9 and 10, respectively. In case
4, the plasmoid slightly drifts back and forth in the
direction of the major radius. In case 5, it drifts in
the direction of the major radius. In case 6, it slightly
drifts but dose not reach the magnetic axis. It is found
that the results in LHD are not corresponding to ones
in cases 1, 2 and 3 in which the plasmoids drift in the
opposite direction to the curvature vector. The reason
is discussed in the following section.

4. Discussion
The force acting on the plasmoid is given by MHD
equations.

F = -V (ppl + Bedq. BP! + (Bpl)2/2)
+Be®.VBP! + BPl. VB¢

+BPL. VBP, (3)

where B®9 are the equilibrium magnetic field. p?! and
BP! are the perturbations of pressure and magnetic
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Fig. 8 View from the top of the torus in case 4. Whites
show plasmoid at (a) t =0, (b) 5 and (c) 10.

field, respectively, induced by the plasmoid, which are
extremely large values. The first term in Eq. (3) rep-
resents the force induced by the pressure and mag-
netic pressure which almost cancel out each other due
to the diamagnetic effect. The other terms represent
the forces dominated by the magnetic curvature. Fig-
ures 11(a), (b), (¢), (d), (e) and (f) show the temporal
evolutions of the plasmoid accelerations induced by
those forces in cases 1, 2, 3, 4, 5 and 6, respectively.
The red, green, blue and pink lines show the acceler-
ations due to the first, second, third and forth terms
in Eq. (3), respectively. The sky blue lines show the
total accelerations. It is found that the second terms
are the leading one in all cases.

In the next step, the major radius component of
the second term in Eq. (3) is decomposed as follows.

FR = €ERr- (Beq . VBpl>
B P
= Beq-VB%l—7¢R¢, (4)

where the cylindrical coordinate (R, ¢, Z) is used.
The first term in Eq. (4) represents the gradient of B%l
along the equilibrium magnetic field and the second
term represents 1/R force due to the toroidal field [9].
Figures 12(a), (b), (¢), (d), (e) and (f) show the tem-
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Fig. 9 View from the top of the torus in case 5. Whites
show plasmoid at (a) ¢t =0, (b) 5 and (c) 10.

poral evolutions of the plasmoid accelerations induced
by those forces in cases 1, 2, 3, 4, 5 and 6, respec-
tively. The red and green lines show the first and
second terms in Eq. 4, respectively. The blue lines
show the total accelerations due to Fg.
and 2, the second terms are dominant. On the other
hand, the first terms are dominant in cases 3, 4 and
6. In case 5, it is not clear which terms are domi-

In cases 1

nant. The first term in Eq. (4) can be approximately
expressed by Bqu%l/LC. L, is the connection length
which depends on the configuration. In the tokamak
(case 1), the connection length becomes L. ~ mqR.
The second term becomes relatively larger than the
first term in Eq. (4) when ¢ > 1. Since the second
term is always positive due to the diamagnetic effect,
the plasmoid has the positive acceleration. Since the
magnetic pressure is constant along the magnetic field
in the vacuum toroidal field (case 2), L. becomes in-
finity. Then, Fg is determined by the second term.
In the RFP-like configuration (case 3), the connection
length becomes short because L. ~ mqR ~ ma due
to ¢ ~ a/R < 1. Then, the first term becomes the
leading one in case 3. Since the first term includes 1/a
effect by minor radius which becomes essential in the
large aspect ratio, the plasmoid motion becomes sim-



R. Ishizaki and N. Nakajima, Pellet Ablation in Helical Plasmas

Fig. 10View from the top of the torus in case 6. Whites
show plasmoid at (a) t =0, (b) 5 and (c) 10.

ilar to the tokamak. The above evaluations of Eq. (4)
are corresponding to the results in Figs. 12(a), (b)
and (c¢). In LHD, the connection length depends on
the location of the plasmoid. Figure 13 shows the spa-
tial profile of the equilibrium magnetic pressure along
the field line through the plasmoid. Red, green and
blue lines are corresponding to cases 4, 5 and 6, re-
spectively, where the plasmoids are located at ¢ = 0.
The connection length in case 5 becomes longer than
ones in case 4 and 6 because the deviation of the mag-
netic pressure around the plasmoid is small in case 5.
When this difference due to the locations is defined by
a(< 1), the connection length in LHD is expressed by
L.=mR/aM, where M is the toroidal pitch number,
o =1 in cases 4 and 6 and o < 1 in case 5. By us-
ing M = 10, « = 1 and R = 3.82 which is the major
radius at the center of the poloidal cross section, the
connection length becomes ~ 1.2 which agrees with
ones shown by the red and blue lines in Fig. 13. Since
the first term in Eq. 4 is given by a]WBe‘IB%l/ﬂ'R in
LHD, it becomes the leading one because of @ =1 in
case 4 and 6. On the other hand, both terms become
dominant because of a < 1 in case 5. Those evalua-
tions are corresponding to the results in Figs. 12(d),
(e) and (f).
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Fig. 11The accelerations acting on the plasmoids as a func-
tion of time in cases (a)l, (b)2, (c)3, (d)4, ()5 and
(f)6. Red, green, blue and pink lines show the ac-
celerations due to the first, second, third and forth
terms in Eq. (3), respectively. The sky blue lines
show the total accelerations.
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Fig. 12The accelerations due to Bo - VB; as a function of
time in cases (a)l, (b)2, (c)3, (d)4, ()5 and (f)6.
Red, green and blue lines show the accelerations
due to the first, second and total forces in Eq. (4),
respectively.
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through the plasmoid.

There is another essence that the first terms in
Eq. (4) clearly have oscillations as shown in Figs. 12(d)
and (f). The plasmoid motions in Figs. 8 and 10 are
induced by such oscillations. The oscillations can be
explained as follows. Figure 14 shows the spatial pro-
files of B%l along the magnetic field in case 4. The
magnetic field lines denoted by red, green and blue are
different ones through the plasmoid. The red, green
and blue ones pass through (R, — A, 0,0), (Ry,0,0)
and (Rp + A, 0,0), respectively, where the center of
the plasmoid is located at (R,0,0) in the cylindrical
coordinate and A is a tiny value. Figures 15(a) and
(b) show the physical images to understand Figs. 14(a)
and (b), respectively. When we focus on the pertur-
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R Dipole field

Fig. 15Physical images around the plasmoid in case 4 at
(a) t =0.5and (b) t = 2.5.

bation of the magnetic field, the dipole fields are in-
duced around the plasmoid by the diamagnetic effect
as shown in Fig. 15(a). Since the curvature vector
of the equilibrium magnetic field is positive in the
major radius direction in case 4, the field lines be-
come dense and sparse in the above region (blue line)
and below region (red line), respectively, of the field
line through the center of the plasmoid as shown in
Fig. 15(a). Then, the magnitude of the above field
line is stronger than the below one. Those physical
images are corresponding to Fig. 14(a) in which the
red and blue lines have opposite phases, and the abso-
lute value of the blue line is larger than one of the red
line. Subsequently, the deformation of the dipole fields
is induced by the difference between the strengths of
the above and below field lines as shown in Fig. 15(b).
Therefore, all lines in Fig. 14(b) become same phase
as the blue line in Fig. 14(a). Since 88%1/86 become
negative on all lines, the force acting on the plasmoid
becomes negative in the major radius direction accord-
ing to the first term in Eq. (4). On the other hand, the
magnetic field has the restoring force due to the ten-
sion. Then, the first term has oscillation in Fig. 12(d).
Since the negative acceleration (0 < ¢ < 4) is slightly
smaller than the positive one (4 < ¢t < 7.5) in the to-
tal acceleration as shown in Fig. 11(d), the plasmoid
drifts back and forth as shown in Fig. 8. In case 6,
the first term has oscillation due to the same physics.
Although it continues to be negative at t > 2 as shown
in Fig. 12(f), the total acceleration oscillates around
zero as shown in Fig. 11(f) due to the increment of
the acceleration by the other force. As a result, the
plasmoid slightly drifts because the positive accelera-
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tion (0 < ¢ < 3.5) is slightly larger than the negative
acceleration (3.5 < ¢t < 6.5) as shown in Fig. 11(f).
Although the plasmoid motion is quantitatively de-
termined by the summation of all forces, the essence
of the motion is determined by the first term in Eq. (4)
in cases 4 and 6. In case 5, since the first term and
second term become comparable because the connec-
tion length is long as shown in Fig. 13, the plasmoid
has a positive acceleration as shown in Fig. 11(e).

5. Summary

It is verified by simulations using the CAP code
that the motions of the plasmoids with a high pressure
induced by heat flux are different among tokamak,
vacuum toroidal field, RFP-like and LHD configura-
tions. The plasmoids drift in the opposite direction
of the magnetic curvature vector in the tokamak, vac-
uum toroidal field, RFP-like configurations. On the
other hand, in LHD, the plasmoid slightly drifts back
and forth in the major radius direction when it is ini-
tially located inside the torus on the horizontal elon-
gated poloidal cross section. It slightly drifts in the
major radius direction but does not reach the mag-
netic axis when it is initially located inside the torus
on the vertical elongated poloidal cross section. It
drifts in the major radius direction when it is initially
located outside the torus on the horizontal elongated
poloidal cross section. The plasmid motion is mainly
determined by 1/R force due to toroidal field and the
force due to gradient of Bf%l along the field. The for-
mer forces imply the drifts in the opposite direction
of the curvature vector which are induced in the vac-
uum toroidal field and tokamak. Since the latter forces
are dominant in the cases that the plasmoids are lo-
cated inside the torus in LHD, the plasmoid motions
in LHD are essentially different from ones in tokamak.
It is clarified that the connection length determines
which force is dominant on the plasmoid motion. That
physics might be one inducing the difference between
experiments in tokamak and LHD. In RFP-like con-
figuration, although the former force is dominant, the
plasmoid drifts in the opposite direction of the cur-
vature vector similarly to tokamak due to the minor
radius effect including in the former force.
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