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Abstract 

The ion inertial effects on the sheath-limited filament dynamics have been investigated with the three-dimensional 

(3D) electrostatic Particle-in-Cell (PIC) simulation. We have shown that the radial propagation speed of a sheath-limited 

filament becomes slightly slower in deuterium-tritium (D-T) plasmas than in light hydrogen (H) plasma because of the gyro 

motion effect. The simulations have revealed that the sheath effect, which makes the filament radial propagation speed in D-

T plasmas faster than that in H plasma, is cancelled out by the polarization drift effect, which decelerate the blob in D-T 

plasmas. Therefore, the radial propagation speed in D-T plasmas ought to be roughly the same as that in H plasma. However, 

in the simulations, it has been observed that the radial propagation speed in D-T plasmas is slightly slower than that in H 

plasma. This fact is thought to arise from the gyro motion effect which induces the poloidal symmetry breaking, the poloidal 

movement of a blob and the deceleration of the radial propagation. 

1. INTRODUCTION 

Recently, the intermittent filamentary coherent structures called “blob” or “hole” have been universally observed 

in the boundary layer plasmas in various magnetic confinement devices [1–12]. Such structures are thought to 

transport plasmas radially from the core edge to the boundary layer plasmas. In order to investigate and control 

such non-diffusive radial transports, many theoretical studies and numerical studies regarding the filament 

phenomena have been performed on the basis of two-dimensional reduced fluid models [13, 14]. Those studies 

have shown that the size of such structures on the cross-section is in meso-scale, i.e., on the order of 𝜌sH, where 

𝜌sH is defined by 𝜌sH = 𝑐sH ΩH⁄ , 𝑐sH is the ion acoustic speed given by (Te / mH)1/2, ΩH is the light hydrogen 

ion cyclotron frequency, Te is the electron temperature and mH is the light hydrogen ion mass. In such situations, 

the kinetic dynamics are thought to play an important role in the filament phenomena. Thus, in order to investigate 

the kinetic dynamics on the filament phenomena, we have developed the three-dimensional (3D) electrostatic 

particle-in-cell (PIC) simulation code called the “p3bd” code [15–17]. With the p3bd code, we have shown the 

self-consistent current system and the temperature structure in a blob [18] and have revealed the gyro motion 

effect on the blob propagation dynamics [19]. 

The filament (blob) radial propagation speed represented by 𝑣b in this paper is the fundamental and important 

factor for the boundary layer transport. That is, the heat load on the first wall and the distribution of strike-points 

on the divertor plates depend on 𝑣b notably. However, the isotope effects on filament dynamics including 𝑣b 

have not been focused upon in previous studies. On the other hand, our previous work showed that the density 

distribution of minor heavy ions in a blob has a dipolar profile due to the polarization drift and that the heavy ions 

decelerate the blob by the formation of such a profile [20]. Nevertheless, according to the traditional static 

estimation of the sheath-limited filament transport, it is expected that the sheath effect makes 𝑣b in deuterium-

tritium (D-T) plasmas faster than in light hydrogen (H) plasma, which is discussed in the next section. Thus, in 

this study, we investigate the ion inertial effects on filament dynamics with the 3D-PIC simulation code in order 

to evaluate the isotope influences in the polarization drift effect and the sheath effect mentioned above. In Sec. 2, 

we discuss the sheath effect and the polarization drift effect on the filament dynamics. In Sec. 3, we briefly 

describe the simulation configuration and parameters in this study. In Sec 4, we show the simulation results and 

validate the sheath, the polarization drift and the gyro motion effects. Finally, Sec. 5 provides the summary of this 

work. 
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2. ION INERTIAL EFFECTS ON THE BLOB RADIAL PROPAGATION SPEED 

We now discuss the sheath effect and the polarization drift effect on the filament propagation dynamics on the 

basis of the simple fluid model [17]. In this discussion, the equation of the charge conservation [13],  

𝛁⊥ ∙ 𝒋⊥ + ∇∥𝑗∥ = 0 , (1) 

and the electron continuity equation, 

D𝑛e

D𝑡
= −𝒗ge ∙ 𝛁⊥𝑛e − 𝑛e𝛁⊥ ∙ (𝒗𝐸×𝐵 + 𝒗ge) , (2) 

are used, where 𝒋⊥ and 𝑗∥ are the currents perpendicular and parallel to the magnetic field, 𝑛e is the electron 

density, 𝒗ge is the electron grad-B drift velocity given by  

𝒗ge = −
𝑇e

𝑒𝐵2

𝜕𝐵

𝜕𝑥

𝒚

𝑦
 , (3) 

𝒗𝐸×𝐵 is the 𝐸 × 𝐵 drift velocity and D D𝑡⁄  represents the Lagrangian derivative defined by ∂ ∂𝑡⁄ + 𝒗𝐸×𝐵 ∙ 𝛁. 

We assume that the perpendicular current 𝒋⊥ is composed of the currents caused by the polarization and grad-B 

drifts, i.e., 

𝒋⊥ = 𝒋p + 𝒋g , (4) 

where the polarization drift current and the grad-B drift current are given by 

𝒋p = − (∑ 𝑛𝑠𝑚𝑠

𝑠

)
1

𝐵2

D(𝛁⊥𝜙)

D𝑡
  (5) 

and 

𝒋g = (∑ 𝑛𝑠𝑇𝑠

𝑠

)
1

𝐵2

𝜕𝐵

𝜕𝑥

𝒚

𝑦
 , (6) 

respectively. Here, 𝑛𝑠, 𝑚𝑠 and 𝑇𝑠 are the density, the mass and the initial temperature of a particle species s. 

The magnetic field B is parallel to the z axis and the strength of the magnetic field has a gradient in the x direction. 

That is, the -x, y and z directions correspond to the radial, poloidal and toroidal direction, respectively. The electric 

potential is represented by 𝜙. 

2.1. Sheath effect 

In the sheath-limited case, the divergence of the parallel current is provided by [17, 21] 

∇∥𝑗∥ =
2𝑛e𝑒𝑐sH

𝐿𝑧

[(∑
𝑛𝑙

𝑛e

𝑞𝑙

𝑒

𝑐s𝑙

𝑐sH

√1 +
𝑇𝑙

𝑇e
𝑙

) − √
𝑚H

2𝜋𝑚e

exp (−
𝑒𝜙

𝑇e

)] , (7) 

where e is the elementary charge, q is the charge of a particle, csl is the ion acoustic speed for a species l, Li is the 

system length in the i direction and subscripts e and l represent the electron and a species of ions including the 

light hydrogen ion, respectively. Substituting Eqs. (4)–(7) into Eq. (1) and differentiating Eq. (1) regarding y, we 

obtain the radial propagation speed in the sheath-limited case, 𝑣b
sh, as 
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𝑣b
sh

𝑐sH

=
1

2
(1 + ∑

𝑛𝑙f0

𝑛ef0

𝑇𝑙

𝑇e
𝑙

) √
2𝜋𝑚e

𝑚H

exp (
𝑒𝜙

𝑇e

) 𝐿𝑧𝜌sH
2

𝐵𝐿𝑥
2

𝐵3

𝜕𝐵

𝜕𝑥

𝜕2(ln 𝑛e)

𝜕𝑦2
 , (8) 

where 𝑛𝑠f0 is the initial density of background plasma, BLx is the magnetic field strength at x = Lx and the light 

hydrogen ion cyclotron frequency used in the calculation of 𝜌sH is given by ΩH = 𝑒𝐵𝐿𝑥 𝑚H⁄ . In the derivation 

of Eq. (8), we assume that D D𝑡⁄ = 0 and that 𝑛𝑙 = 𝑛e(𝑛𝑙f0 𝑛ef0⁄ ) and use the definition 𝑣b
sh = − (𝜕𝜙 𝜕𝑦⁄ ) 𝐵⁄  

and the relation 𝑞H  =  −𝑞e = 𝑒. Since it is assumed that D D𝑡⁄ = 0, the polarization drift current given by Eq. 

(5) is neglected, i.e., the polarization drift effect does not appear in this consideration. Here, the parallel current 

𝑗∥ may become zero at the centre of a filament. Thus, the electric potential at the centre satisfies the relation, 

exp (
𝑒𝜙

𝑇e

) = √
𝑚H

2𝜋𝑚e

(∑
𝑛𝑙f0

𝑛ef0

𝑞𝑙

𝑒

𝑐s𝑙

𝑐sH

√1 +
𝑇𝑙

𝑇e
𝑙

)⁄  . (9) 

Substituting Eq. (9) into Eq. (8) and assuming that Tl = TH, 𝑣b
sh at the centre is given by 

𝑣b
sh

𝑐sH

=
1

2𝜂
√1 +

𝑇𝑙

𝑇e

 𝐿𝑧𝜌sH
2

𝐵𝐿𝑥
2

𝐵3

𝜕𝐵

𝜕𝑥

𝜕2(ln 𝑛e)

𝜕𝑦2
 , (10) 

where the parameter 𝜂 is defined by 

𝜂 = ∑
𝑛𝑙f0

𝑛ef0

𝑞𝑙

𝑒
√

𝑚H

𝑚𝑙
𝑙

=
1

𝑛ef0

(𝑛Hf0 +
𝑛Df0

√2
+

𝑛Tf0

√3
) . (11) 

The parameter 𝜂 represents the factor of the isotope influence in the sheath effect. From Eqs. (10) and (11), it is 

found that the theoretical speed of sheath-limited filaments, 𝑣b
sh, is proportional to 𝜂−1, that is, 𝑣b

sh in D-T 

plasmas becomes faster than that in H plasma by the isotope influence in the sheath effect. 

2.2. Polarization drift effect 

In order to estimate the polarization drift effect, we consider the case with the periodic boundary condition applied 

in the z direction. That is, this situation corresponds to the two-dimensional cases. In this case, the divergence of 

the parallel current becomes zero. This means that the sheath effect is not present in such a case. Therefore, from 

Eq. (1), we obtain 

(∑
𝑛𝑠f0

𝑛ef0

𝑚𝑠

𝑚H
𝑠

)
𝑩

𝐵
[

D

D𝑡
(𝛁⊥ × 𝒗𝐸×𝐵)] = (1 + ∑

𝑛𝑙f0

𝑛ef0

𝑇𝑙

𝑇e
𝑙

) 𝑐sH
2

𝜕(ln 𝐵)

𝜕𝑥

𝜕(ln 𝑛e)

𝜕𝑦
 . (12) 

In the derivation of Eq. (12), the Boussinesq approximation is applied. The left-hand side of Eq. (12) originally 

arises from the polarization drift current. Linearizing Eqs. (2) and (12), the theoretical radial propagation speed in 

the periodic boundary case, 𝑣b
pr

, is given by [13, 17, 22] 

|𝑣b
pr

| ≈ 𝑐sH [
1

𝜇
(1 +

𝑇H

𝑇e

)
𝛿b𝑥

𝐵

𝜕𝐵

𝜕𝑥
]

1 2⁄

 , (13) 

where the parameter 𝜇 is defined by 

𝜇 = ∑
𝑛𝑠f0

𝑛ef0

𝑚𝑠

𝑚H
𝑠

=
𝑚e

𝑚H

+
1

𝑛ef0

(𝑛Hf0 + 2𝑛Df0 + 3𝑛Tf0)  (14) 

and 𝛿b𝑥 is the radial size of a filament. The parameter 𝜇 represents the factor of the isotope influence in the 

polarization drift effect. Equations (13) and (14) show that the theoretical speed in the periodic boundary case, 
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𝑣b
pr

, is proportional to 𝜇−1 2⁄ , that is, 𝑣b
pr

 in D-T plasmas becomes slower than that in H plasma by the isotope 

influence in the polarization drift effect. 

3. SIMULATION CONFIGURATION AND PARAMETERS 

The simulation system applied in the 3D-PIC code is a rectangular box with 𝐿𝑥 × 𝐿𝑦 × 𝐿𝑧, where the x, y and z 

axes are set as the same as those in Sec. 2. In the simulations, the density abundance ratios of H, D and T ions are 

set as shown in Table 1 in which the values of 𝜂 and 𝜇 are also listed. The mass and initial temperature ratios 

between H ion and electron and the initial ion temperatures are given by mH / me = 100, TH / Te = 0.01 and TH = 

TD = TT. Although mH / me is smaller than the real mass ratio, the results in this study are discussed on the basis 

of the variables normalized by the ion parameters, ΩH, 𝑐sH, and 𝜌sH. Thus, this work can be extrapolated to 

experimental situations by using such ion parameters. The blob initial radial and poloidal sizes are 𝛿b𝑥 = 𝛿b𝑦 =

1.94𝜌sH, which is slightly smaller than the particular width for the long distance blob propagation [13]. In the 

simulations for the sheath-limited case, the particle absorbing boundaries are placed at both edges in the z direction, 

corresponding to the divertor plates. Also, particle and heat sources and additional collision processes [23] are not 

included in the simulation system in order to investigate the fundamental physical mechanisms. Other parameters, 

initial setting and boundary conditions are the same as those in Ref. [17]. The detailed description regarding the 

3D-PIC simulation code can be found in Ref. [17]. 

TABLE 1. ABUNDANCE RATIO OF HYDROGEN IONS. 

 

4. SIMULATION RESULTS 

4.1. Sheath-limited case 

Figure 1 shows the simulation results for the sheath-limited case. In Fig. 1, it is found that the observed radial 

propagation speed 𝑣b
ob  represented by symbols decreases as 𝜂 decreases, i.e., 𝑣b

ob  becomes slower in D-T 

plasmas than that in H plasma. However, the theoretical radial propagation speed 𝑣b
sh represented by the broken 

line in Fig. 1 is proportional to 𝜂−1 as mentioned in Sec. 2.1. In the next section, we will discuss the separation 

of the actual observed speed 𝑣b
ob in D-T plasmas from 𝑣b

sh. 
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FIG. 1. Relation between 𝜂 and the observed radial propagation speed, 𝑣b
ob, represented by symbols. The broken line 

represents the theoretical line, 𝑣b
sh. 

 

FIG. 2. Relation between 𝜇 and 𝑣b
ob 𝑣b

sh⁄  which is shown by closed symbols. The open symbols and broken line represent 

the observed and theoretical speeds in the periodic boundary case. 

4.2. Comparison between the sheath-limited and the periodic boundary cases 

In order to analyse the origin of the observed separation of 𝑣b
ob from 𝑣b

sh in D-T plasmas, the dependence of 

the ratio between 𝑣b
ob  and 𝑣b

sh  upon 𝜇  is shown in Fig. 2 in which the observed and theoretical radial 

propagation speeds in the periodic cases, 𝑣b
op

 and 𝑣b
pr

, are also displayed. In the periodic boundary case, the 

periodic boundary condition is applied in the z direction as in Sec. 2. The theoretical relation between 𝜇 and 𝑣b
pr

, 

i.e., 𝑣b
pr

∝ 𝜇−1 2⁄  as derived in Sec. 2.2, is represented by the broken line in Fig. 2. This figure implies that 

𝑣b
ob 𝑣b

sh⁄  is nearly proportional to 𝜇−1 2⁄ , that is, 𝑣b
ob ∝ 𝜂−1𝜇−1 2⁄ ~1. This means that the sheath effect is 

cancelled out by the polarization drift effect. Therefore, 𝑣b
ob symbols in Fig. 1 ought to be horizontally aligned. 

Nevertheless, we should note that 𝑣b
ob is 31% (17%) slower for T (D) plasma than 𝑣b

ob in H plasma in Fig. 1. 

This tendency occurs due to the effect of the ion gyro motion. 
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FIG. 3. Time evolutions of the poloidal position of electron centre of mass in a blob in the various TH cases in H plasmas (a) 

and in the low ion temperature cases in H, D and T plasmas (b), where periodic boundary condition is applied in the z 

direction and yb0 is the initial poloidal position of centre of a blob. 

 

FIG. 4. Relation between 𝜌L
2 and 𝑣b

op
𝑣b

pr
⁄  which is shown by closed symbols, where 𝛿b = 𝛿b𝑥 = 𝛿b𝑦. The broken line 

represents the linear approximation as 𝑣b
op

𝑣b
pr

⁄ = 0.961 − 1.39 × 102 × (𝜌L 𝛿b⁄ )2. 

4.3. Effect of the ion gyro motion 

In high TH plasmas, the gyro motion effect induces the poloidal symmetry breaking of the propagation, the poloidal 

movement of a blob as shown in Fig. 3 (a) and the deceleration of the radial propagation [19]. Here, the results 

shown in Fig. 3 have been obtained by the simulations for the periodic boundary case. Although the poloidal speed 

is not enhanced in D and T plasmas as Fig. 3 (b) indicates, it is concluded that the gyro motion effect is enhanced 

in D-T plasmas because the ratio between the poloidal and the theoretical radial speeds increases, i.e., the 

theoretical radial speed becomes slower in D-T plasmas in the periodic boundary case. Furthermore, in order to 

confirm that the observed deceleration of the radial propagation in D-T plasmas arises from the gyro motion effect, 

the relation between 𝜌L
2  and 𝑣b

op
𝑣b

pr
⁄  is shown in Fig. 4, where 𝜌L  is the ion Larmor radius. This figure 

indicates that 𝑣b
op

𝑣b
pr

⁄  has a linear relation with 𝜌L
2. Such a tendency has been observed in our previous work 
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regarding the filament dynamics in high TH plasmas and has been expected by the estimation in which the electric 

potential structure modified by the ion gyro motion is considered [19]. Thus, the gyro motion effect is thought to 

induce the large separation of 𝑣b
op

 from 𝑣b
pr

 in D-T plasmas and decelerate the radial propagation of the sheath-

limited filaments in D-T plasmas from the radial propagation speed in H plasma. 

5. SUMMARY 

In this study, we have investigated the ion inertial influences, i.e., the isotope influences, on the sheath-limited 

filament dynamics. The detailed analyses for each effect, that is, the sheath effect, the polarization drift effect and 

the gyro motion effect, show that (1) the sheath effect expected by the traditional static estimation for a sheath-

limited filament is cancelled out by the polarization drift effect in D-T plasmas and (2) 𝑣b becomes slightly 

slower in D-T plasmas than in H plasma because of the gyro motion effect. This study predicts that the weak 

radial boundary layer transport and the concentration of strike-points on the divertor plates will be observed in 

fusion D-T plasma experiments. Although we have calculated only the blob dynamics in this work, we will 

compute the hole dynamics in D-T plasmas. In future works, we plan to study the three-dimensional effect and 

the effect of the detachment [23] on a filament dynamics in D-T plasmas. 
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