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ABSTRACT
It is shown for the ﬁrst time with the three-dimensional (3D) electrostatic particle-in-cell simulation that the plasma particle motion inﬂuencespplasma
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ﬁlament dynamics three-dimensionally. If we assume that the ﬁlament size on the cross section is a few times as large as
qe mi =me and that the ion temperature is higher than the electron temperature, the poloidal symmetry of ﬁlament propagation is broken
and the propagation velocity has the non-negligible poloidal component, where qe is the electron Larmor radius. Then, it is observed that
such propagation dynamics depend on the position on the magnetic ﬁeld line, i.e., in the toroidal direction. As the ion temperature increases
beyond the electron temperature, the perpendicular electric ﬁeld in a ﬁlament varies greatly according to the toroidal position. Such a variation might arise from the presheath potential drop on the potential hill side in a ﬁlament. Thus, the toroidal dependence of the propagation
dynamics appears.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5093561

I. INTRODUCTION
The plasma ﬁlament aligned with the magnetic ﬁeld line is a universal structure in astrophysical, space, and laboratory plasmas. For
instance, ﬁlamentary structures have been observed with the ﬂux tubes
on the surface of the Sun.1 Also, it has been reported that such a coherent structure is intermittently formed and transported across magnetic
ﬁeld lines in the boundary layer plasma in many magnetic conﬁnement devices,2–9 where these structures are called “blob” or “hole” in
fusion plasmas. The dynamics of plasma ﬁlaments have been investigated on the basis of ﬂuid models [e.g., magnetohydrodynamics
(MHD) equations1 and various types of sets of the vorticity, continuity, and other equations2,3,10–12] in most of the numerical studies.
Furthermore, the ion temperature or kinetic effects on the ﬁlament
dynamics have been considered in some recent works for the fusion
boundary layer plasmas and are thought to break a poloidal symmetry
of ﬁlament propagation.13–20 However, investigations of the threedimensional kinetic effects on the ﬁlament phenomena with considering full kinetic dynamics of plasma particles have not been conducted.
On the other hand, in order to study the kinetic dynamics on the
ﬁlament phenomena, which are disregarded or are assumed to be
described by certain parameters derived from simple models in conventional ﬂuid equations, we have developed the three-dimensional
(3D) electrostatic particle-in-cell (PIC) simulation code21–23 called
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“p3bd” code. The p3bd code simulates self-consistently the full electron and ion dynamics in the phenomena without restriction on or
disregard for various quantities, dynamics, and situations, e.g., the ion
temperature (Larmor radius), the dynamics (spatial variation) parallel
to the magnetic ﬁeld, the sheath dynamics on conductive plates, the
large deviation of the velocity distribution from the Maxwellian, and
the situation where the drift approximation is not satisﬁed. We have
shown that the p3bd code reproduces the self-consistent current system in a ﬁlament with the sheath on conductive end plates.24 We have
found the temperature structure in a ﬁlament24 and the impurity ion
transport by plasma ﬁlaments25,26 with the p3bd code.
In this paper, we investigate the three-dimensional effect of particle motion on plasma ﬁlament dynamics by means of the 3D-PIC
code. In Sec. II, we brieﬂy mention the conﬁguration and parameters
of the 3D-PIC simulation. In Sec. III, we show results of the 3D-PIC
simulation. The simulations conﬁrm that the poloidal symmetry
breaking is reproduced even if the issues mentioned above are not
restricted and show that the plasma particle motion inﬂuences the
plasma ﬁlament dynamics three-dimensionally. Finally, we give a summary of our work and offer discussion in Sec. IV.
II. SIMULATION METHOD
In the p3bd code, the full dynamics (including the Larmor
motion) of electron and ion particles which compose both ﬁlamentary
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and background plasmas are computed by the equation of motion and
the self-consistent electric ﬁeld formed by the charge density which is
obtained from all plasma particles and are solved with Poisson’s equation.27 The simulation system is set as a slab geometry with x (the
counter radial direction), y (the poloidal direction), and z (the toroidal
direction parallel to the magnetic ﬁeld B) as shown in Fig. 1. The external magnetic ﬁeld strength B is given by B(x) ¼ 2LxBLx/(3Lx – x),
where Lx, Ly, and Lz are the system size in the x, y, and z directions
and BLx is the magnetic ﬁeld strength at x ¼ Lx. Thus, B has a gradient
in the x direction. A plasma ﬁlament structure is initially placed as a
cylindrical shape which reaches to both end plates and is parallel to
the magnetic ﬁeld. Therefore, a ﬁlament moves in the x direction
because of this conﬁguration. The method to distribute plasma particles in the simulation system was described in detail in the previous
papers.23,24 The boundary conditions are as follows. In the x direction,
the particle absorbing boundary condition is applied at x ¼ 0 (corresponding to a conductive wall) where the electric potential is given as
/ ¼ 0 and the reﬂecting boundary condition is used at x ¼ Lx where
@//@x ¼ 0. In the y direction, the periodic boundary condition is
applied. In the z direction, the particle absorbing boundary condition
is applied at both edges, z ¼ 0 and Lz (corresponding to conductive
end plates), where / ¼ 0. In the simulation, the Debye sheath is
formed self-consistently without artiﬁcial sheath models since the grid
size is equal to the Debye length. Thus, a sheath current boundary condition which is usually used in other simulations of boundary layer
plasma is not applied. Therefore, the parallel current including current
near the end plates is self-consistently simulated in the code.
The simulation parameters are as follows. The system size is
Lx  Ly  Lz ¼ 61:97 qs  61:97 qs  7931:87 qs and the grid spacing is Dg ¼ 0.9683 qs, where qs ¼ cs/Xi, cs is the ion acoustic speed for
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a cold ion plasma, i.e., cs ¼ Te =mi , Xi is the ion cyclotron frequency
at x ¼ Lx, Te is the initial electron temperature, and mi is the ion mass.
The time step width is Dt ¼ 2:421  103 X1
i . There are 64 electrons
and an equal number of ions per cell on average. The ion-to-electron
mass and charge ratios are mi/me ¼ 100 and qi =jqe j ¼ 1, respectively.
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Thus, qs ¼ qe mi =me , where qe is the electron Larmor radius. The
external magnetic ﬁeld strength is set as Xi/xpi ¼ 1, where xpi is the
ion plasma frequency in the background plasma. The initial density
ratio of the ﬁlament to the background plasma is nf0/n0 ¼ 2.7. The initial ﬁlament size in the poloidal cross-section is df ¼ 3.87qs. The initial
position of the ﬁlament is (xf0, yf0) ¼ (3 Lx/4, Ly/2). We have carried
out the three cases in which the initial ion-to-electron thermal velocity
ratios are given by vTi/vTe ¼ 0.05, 0.10, and 0.20, respectively. That is,

FIG. 1. Conﬁguration of the simulation.
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the initial ion-to-electron temperature ratios and the initial ion
Larmor radii are Ti/Te ¼ 0.25, 1.00, and 4.00 and qi/qs ¼ 0.5, 1.0, and
2.0. The conﬁguration and the parameters described above indicate
that a ﬁlament in the simulations exists in the sheath-connected
regime2,28 since collisionless plasma is assumed. Also, in this study, d,
which is the particular ﬁlament width for the long distance movement
caused by the situation in which the inertial term, the driving term,
and the dissipation term are comparable with each other,2 is given
by d =qs  ½L2z =ðqs Lx Þ1=5  16. Thus, the inertial term caused by
the polarization drift current dominates in the blob dynamics since df
< d, that is, the blobs are in the “inertial” regime.
III. SIMULATION RESULTS
A. Toroidal dependence of filament dynamics
Figure 2 shows the electron density distributions in the low (a)
when the ﬁlaand high (b) ion temperature cases at t ¼ 145:24 X1
i
ment has moved for more than 10qs in the radial direction after the
formation of the self-consistent potential structure in the ﬁlament. As
seen in Fig. 2(a), in the low ion temperature case, the ﬁlament propagates while maintaining the poloidal symmetry. On the other hand,
Fig. 2(b) indicates that the poloidal symmetry of propagation of the ﬁlament is broken in the high ion temperature case and that the proﬁle
of the ﬁlament on each poloidal cross section shown in the ﬁgure differs from each other. That is, the propagation dynamics have the toroidal dependence in the high ion temperature case.

FIG. 2. Electron density distributions in the low (a) and high (b) ion temperature
cases at t ¼ 145:24 X1
i , where the ion temperatures in the panels (a) and (b) are
Ti/Te ¼ 0.25 and 4.00, respectively. Four color contours in each panel show the
electron density distributions in the ﬁlament on the x–y planes at z/Lz ¼ 0.125,
0.25, 0.375, and 0.5, respectively.
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In order to prove the toroidal dependence quantitatively, we have
analyzed the time evolution of the position of the center of electron
mass in the ﬁlament on each poloidal cross-section as shown in Fig. 3,
which describes approximately the movement of the ﬁlament. In
Fig. 3, it is found that the radial propagation speed becomes faster with
increasing Ti [see panels (a), (c), and (e)] as the observed speeds for
each case at z/Lz ¼ 0.5 are vfx/cs ¼ 0.15, 0.20, and 0.27. Here, the
observed speed is calculated from the observed position of the center
of electron mass in the ﬁlament for a certain time length which is 80
< Xi t < 130 for Ti/Te ¼ 0.25, 70 < Xi t < 100 for Ti/Te ¼ 1.00, or 40
< Xi t < 70 for Ti/Te ¼ 4.00. It is also noted that the observed speeds
are nearly proportional to (1 þ Ti/Te)1=2. This relation is expected by
the scaling law of blob velocity for ﬁnite ion temperature in the inertial
regime shown by Eq. (28) in Ref. 17, Eq. (9) in Ref. 18, and Eq. (33) in
Ref. 23.
Furthermore, as Ti increases, the poloidal displacement and the
difference among the poloidal displacements on each poloidal crosssection become larger [see panels (b), (d), and (f)]. The large difference
among the poloidal displacements on each poloidal cross-section
shows quantitatively the toroidal dependence of ﬁlament propagation
dynamics in the high Ti cases. Also, in the high Ti cases, the collapse of
the ﬁlament shape by the poloidal symmetry breaking as shown in Fig.
2(b) may prevent the ﬁlament from moving in the radial direction
after the ﬁlament propagates for more than 10qs as Figs. 3(c) and 3(e)
indicate.
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B. Three-dimensional structure of the electric field
The toroidal dependence of the poloidal ﬁlament movement,
which is mentioned in Sec. III A, arises from the toroidal dependence
of the electric ﬁeld. In order to prove that, the structure of the electric
ﬁeld in the ﬁlament is analyzed as shown in Figs. 4 and 5 which represent the distribution of the strength of the electric ﬁeld perpendicular
to the z direction, jE? j, on four poloidal cross-sections for the low and
high Ti cases and the relation between z and the maximum of jE? j in
the ﬁlament, respectively.
1. Unbalanced dipole potential structure

Figure 4 indicates that the area in which the perpendicular electric ﬁeld in the ﬁlament is intense moves to the deepest point in the
potential well as Ti increases and that the perpendicular electric ﬁeld
strength in the intense jE? j area becomes larger in the high Ti case
than in the low Ti case. The movement of the intense jE? j area is also
revealed by the concentration of the white contour lines for the electric
potential near the deepest point in the potential well in Fig. 4(b).
Furthermore, although the observed radial propagation speeds are
nearly proportional to (1 þ Ti/Te)1=2 as mentioned in Sec. III A, the
values of jE? j at z/Lz ¼ 0.5 have no linear relation with (1 þ Ti/Te)1=2
as seen from Fig. 5. This means that the intense jE? j area is localized
more intensively in the high Ti case than in the low Ti case. These facts
prove that the depth and width of the potential well formed by the

FIG. 3. Time evolutions of the positions of the centers of electron mass in the ﬁlament on the x-y planes at z/Lz ¼ 0.125 (black solid lines), 0.25 (red dotted lines), 0.375 (green
dashed-dotted lines), and 0.5 (blue broken lines). The top and bottom panels show the time evolutions of the x and y components. The left, middle, and right panels represent
the time evolutions when Ti/Te ¼ 0.25, 1.00, and 4.00.
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FIG. 4. Distributions of the strength of the perpendicular electric ﬁeld on four poloidal cross-sections at z/Lz ¼ 0.125, 0.25, 0.375, and 0.5 for the low (a) and high (b)
Ti cases at t ¼ 41:15 X1
i . The black and white contour lines represent the electron density distributions and the electric potential distributions, respectively.

negative charges of electrons become larger and narrower than the
height and width of the potential hill with increasing Ti. Such an
unbalanced dipole potential structure is thought to arise from the
effect of the ion Larmor radius which
becomes much larger than that
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
for the ion acoustic speed as qi ⲏ qe mi =me .
On the other hand, from the white contour lines for the electric
potential in Fig. 4, it is found that the radial (x) component of the
electric ﬁeld in the ﬁlament becomes larger as Ti increases. Such a
ﬁnite radial component of the electric ﬁeld causes the considerable
motion of the ﬁlament in the þy direction at the early stage (20 < Xit
< 50) in the high Ti case as shown in Fig. 3(f). However, after that, the
center of electron mass in the ﬁlament moves in the y direction
because the electric ﬁeld around the deepest point in the potential well
is larger than that around the peak of the potential hill and a greater
number of plasma particles rotate around the potential well. The
poloidal symmetry breaking occurs due to such an unbalanced dipole
potential structure in the ﬁlament through the sequence of the processes mentioned above, which are also shown in Ref. 20.
2. Toroidal variation in the electric field

The most important point indicated in Fig. 4 is that the toroidal
dependence of jE? j in the high Ti case is stronger than that in the low
Ti case. In order to conﬁrm this point clearly, we show the spatial variation of the maximum of the perpendicular electric ﬁeld strength in
the ﬁlament in the z direction in Fig. 5. From Fig. 5, it is found that the
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FIG. 5. Relation between z and the maximum of the perpendicular electric ﬁeld
strength in the ﬁlament, jE? j, at t ¼ 41:15 X1
i , where the black solid, red dotted,
and blue broken lines represent the relations when Ti/Te ¼ 4.00, 1.00, and 0.25,
respectively.

maximum of jE? j at z/Lz ¼ 0.125 reaches only 64% of the maximum
of jE? j at z/Lz ¼ 0.5.
Such toroidal dependence of the electric ﬁeld is thought to arise
from the large presheath potential drop on the potential hill side in a
ﬁlament. In order to estimate the presheath potential drop, we have
probed the maxima of the electric potential in the ﬁlament (i.e., the
height at the potential hill) at z/Lz ¼ 0.5 and 0.125 at t ¼ 41:15 X1
i
and calculated the difference between the maxima. As a result, it is
obtained that eD/max/Te ¼ 0.46, 1.06, and 2.58 for Ti/Te ¼ 0.25, 1.00,
and 4.00, respectively, where D/max is deﬁned as D/max ¼ /max (z/Lz
¼ 0.5) – /max (z/Lz ¼ 0.125). On the other hand, the presheath potential drop on the potential well side does not become larger with
increasing Ti. The differences of the minimum of the electric potential
in the ﬁlament (i.e., the differences of the depth at the potential well)
are obtained as
between z/Lz ¼ 0.5 and 0.125 at t ¼ 41:15 X1
i
eD/mim/Te ¼ 0.25, 0.51, and 0.18 for Ti/Te ¼ 0.25, 1.00, and 4.00,
respectively, where D/min is deﬁned as D/min ¼ /min ðz=Lz ¼ 0:5Þ
/min ðz=Lz ¼ 0:125Þ. The dependence of the presheath potential
drop on the ion temperature has not been observed on the potential
well side, while D/max is positively correlated with Ti.
The toroidal variation of jE? j which is induced by the large presheath potential drop on the potential hill side in the high Ti cases
causes the toroidal dependence of the poloidal ﬁlament movement. As
a result, the ﬁlament movements in the þy direction in the early stage
(t < 50 X1
i ) and the ﬁlament movements in the y direction in the
latter stage (t > 50 X1
i ) on each poloidal cross-section, which are represented in Fig. 3, are positively correlated with the maximum of jE? j.
On the other hand, the reason why the ﬁlament continues moving in
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the þy direction in the middle stage (50 < Xi t < 80) on the poloidal
cross-sections at z/Lz ¼ 0.25 and 0.125 may be that the amount of
plasma particles which rotate around the potential well is small due to
the potential structure.

program (Nos. NIFS13KNSS038, NIFS15KNSS058, NIFS17KNSS086,
NIFS17KNTS046, NIFS17KNTS049, and NIFS16KNTT038) and
supported by JSPS KAKENHI Grant No. JP23740411.

IV. SUMMARY AND DISCUSSION
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