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It is firstly demonstrated that transport of impurity particles are caused by blob and hole
propagations by means of the three dimensional (3D) electrostatic particle-in-cell (PIC) simulations.
We have shown that 1) the impurity profile in the blob/hole structure becomes biased shape like a
dipole, and 2) the biased density profile of impurity propagates with the blob/hole. The “blob” and
“hole” are the intermittent filamentary coherent structures along themagnetic field line in peripheral
plasmas of fusion magnetic confinement devices and the plasma densities in the blob and hole
are higher and lower than that of background plasma, respectively. These structures are thought
to be created from edge turbulences and play an important role in the radial convective plasma
transport in the SOL. Furthermore, it has been pointed out that the blob and hole propagations
can induce impurity transport. However, any numerical studies about the impurity transport with
the blob and hole have not been conducted because of the difficulty in including minority ions,
i.e., impurities in fluid models. Therefore, in this study, we have improved the 3D-PIC code and
investigated dynamics between impurity and the blob and hole structures. In the PIC simulation,
an external magnetic field is set as it is parallel to the z axis and has ∇B in the x direction. The
initial ratio between impurity and background electron densities is given as 0.06 since it is „5% in
experiments for investigation of impurity transports. The impurity ions are uniformly distributed
in the whole system at the initial stage. In the simulation, it is shown that impurity ions in the
blob/hole are dragged from the higher to the lower potential sides (the dipole potential structure
on the poloidal cross-section is created in a blob/hole) by the polarization drift and that the biased
density profile of impurity is transported with the blob/hole by trapping impurity ions in the
potential well of the blob/hole. The propagation speed of the blob/hole with impurity is nearly
equal to that without impurity. Although the blob/hole propagation is hardly influenced by the
impurity, the impurity ions in the blob/hole move with the blob/hole. The impurity averaged
radial speed in the blob/hole is close to the blob/hole propagation speed.
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Abstract. It is first demonstrated that transport of impurity particles are caused by blob and hole propagations by 

means of the three dimensional electrostatic Particle-in-Cell simulation. The simulations have shown that the 

impurity profile in the blob / hole structure becomes biased shape like a dipole and the biased density profile of 

impurity propagates with the blob / hole. Furthermore, the simulations where the initial impurity density has a 

radial gradient have revealed that the estimated effective radial diffusion coefficient for impurity ions by a single 

blob / hole is comparable to the Bohm diffusion coefficient. 

 

1. Introduction 

The “blob” and “hole” are the intermittent filamentary coherent structures along the magnetic 

field line in peripheral plasmas of fusion magnetic confinement devices and the plasma 

densities in the blob and hole are higher and lower than that of background plasma, 

respectively. These structures are thought to be created from edge turbulences and play an 

important role in the radial convective plasma transport in the scrape-off layer (SOL) [1, 2]. 

The blob phenomena have been observed in the tokamak, helical, and other devices [1, 3–9]. 

Although many authors have investigated the blob dynamics on the basis of two dimensional 

reduced fluid models [1, 9], kinetic effects in the blob are reduced to some adjustable 

parameters under some assumptions in such fluid models. Thus, we have validated such 

assumptions with the first principles method, that is, the Particle-in-Cell (PIC) simulation and 

confirmed that three dimensional (3D) electrostatic PIC simulations provide an exact current 

closure for analysis of blob transports [10–12].  

On the other hand, it has been pointed out that the blob and hole propagations can induce 

impurity transport [1, 13]. However, any numerical studies about the impurity transport with 

the blob and hole have not been conducted because of the difficulty in including minority 

ions, i.e., impurities in fluid models. Therefore, in this study, we have improved the 3D-PIC 

code and investigated dynamics between impurity and the blob and hole structures. In Sec. 2, 

we briefly mention the simulation method, configuration, and parameters. In Sec. 3, we show 

particle simulation results and some properties of blob and hole propagation with impurity 

ions. Also, we estimate the impurity transports by a blob / hole in some cases. Finally, we 

summarize our work in Sec. 4. 

2. Simulation Methodology 

In this study, we have investigated dynamics between impurity ions and the blob and hole 

structures by means of a three dimensional electrostatic (electric field is solved and magnetic 
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field is constant in time) PIC simulation code which calculates full plasma particle (electron, 

ion, and impurity ion) dynamics (including the Larmor gyration motion) in three space and 

three velocity coordinates for all particles in a blob / hole structure and background plasma 

with the equation of motion. Also, the self-consistent electric field formed by the charge 

density that is calculated from all particles is solved with Poisson's equation in the code [14]. 

In the PIC simulation, an external magnetic field B is set as B = B ez and ∂ B / ∂ x > 0 (the –x, 

y, and z directions correspond to the radial, poloidal, and toroidal directions, respectively, as 

shown in Fig. 1). The external magnetic field strength B increases in the positive x direction 

as B(x) = 2 Lx BLx / (3 Lx - 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 = Lx. At x = 0 (corresponding to the first 

wall) and both edges in the z direction (corresponding to the divertor plates), the particle 

absorbing boundary where the electric potential  is fixed as  = 0 is placed (i.e., shaded 

plates in Fig. 1). In the y direction, periodic boundary condition is applied. At x = Lx, the 

reflecting boundary condition is adopted and the electric potential satisfies ∂  / ∂ x = 0. 

A blob / hole is initially set as a cylindrical form elongated between both edges in the z 

direction. That is, the electron and ion particles are initially distributed by  

𝑛e0(𝑥, 𝑦) = 𝑛0 ± 𝑛b0exp (−
(𝑥 − 𝑥b0)2

2𝛿b𝑥
2 −

(𝑦 − 𝑦b0)2

2𝛿b𝑦
2 ),             (1) 

and 

𝑛i0(𝑥, 𝑦) =
|𝑞e|

𝑞i
𝑛e0(𝑥, 𝑦) −

𝑞imp

𝑞i
𝑛imp0(𝑥, 𝑦),           (2) 

respectively. These initial electron and ion density equations include the blob / hole structure 

and background plasma. Here, n0 is the initial density of the background plasma, nb0 is the 

initial density amplitude of the blob / hole, bx and by are the blob / hole sizes in the x and y 

directions, and qe, qi, and qimp are the charges of electron, ion, and impurity. Equations (1) and 

 

FIG. 1. Schematic diagram of the simulation configuration. The slab box shown on the left side 

represents the simulation system which describes the SOL of magnetic confinement devices. 
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(2) mean that the blob / hole is initially located along the ambient magnetic field at around (x, 

y) = (xb0, yb0). The initial impurity ion density nimp0 is given by  

𝑛imp0(𝑥, 𝑦) = 𝑛imp1,       (3) 

(in the simulations shown in Sec. 3.1),  

𝑛imp0(𝑥, 𝑦) = 𝑛imp1exp (−
(𝑥 − 𝑥b0)2

2𝛿b𝑥
2 −

(𝑦 − 𝑦b0)2

2𝛿b𝑦
2 ),       (4) 

(in the simulations shown in Sec. 3.2), or 

𝑛imp0(𝑥, 𝑦) =
𝑛imp1

2
[1 − tanh (

𝑥 − 𝑥s

Δs
)],        (5) 

(in the simulation shown in Sec. 3.3) where nimp1 is the initial density abundance of the 

impurity, xs is the radial position of boundary of the impurity region, and s is the width of the 

transition region. Equations (3), (4), and (5) means that the impurity ions are distributed 

uniformly in the system, the impurity ions are placed in the blob / hole structure, and the 

impurity ions mainly exist on the first wall side (x < xs), respectively. The initial temperature 

in the blob is equal to that of the background plasma and the initial velocity distribution is 

given by Maxwellian. The simulation system has no particle and heat sources. Though the 

density distribution does not satisfy equilibrium with the magnetic field, this assumption is 

appropriate in the low beta limit.  

The simulation parameters are as follows. The number of spatial cells in the simulation 

system is set as Nx × Ny × Nz = 64 × 64 × 256 (in the simulations shown in Sec. 3.1) or 

64 × 64 × 2048 (in the simulations shown in Sec. 3.2 and Sec. 3.3), where Nx = Lx / g and 

g is the grid spacing whose size is approximately equal to 0.5 s in this study. Here, s is 

defined as s = cs / i, cs is the ion acoustic speed given as cs = (Te / mi)
1/2

, i is the ion 

cyclotron frequency at x = Lx, Te is the initial electron temperature, and mi is the ion mass. The 

time step is i t = 1.21 × 10
-3

 (in the blob propagation simulations) or 1.26 × 10
-3

 (in the 

hole propagation simulations). The ion-to-electron and impurity-to-ion mass ratios are mi / me 

= 100 and mimp / mi = 4 or 12. The charges are set as - qe = qi = qimp. The initial ion-to-electron 

and impurity-to-ion temperature ratios is Ti / Te = 0.01 and Timp / Ti = 1. The external magnetic 

field strength is given as i / pi = 0.5 where pi is the ion plasma frequency in the 

background plasma. The initial density ratio of the blob to the background plasmas is nb0 / n0 

= 2.7 in the simulations of blob propagation. On the other hand, the initial density ratio 

between the center of hole and the background is (n0 - nb0) / n0 = 0.27 in the simulations of 

hole propagation. The initial blob / hole size is bx = by ≈ 2 s. The initial positions of the 

blob and hole are (xb0, yb0) = (3 Lx / 4, Ly / 2) and (Lx / 2, Ly / 2), respectively. The initial ratio 

between impurity and background electron densities is given as nimp1 / n0 = 0.067 (in the 

simulations of blob propagation) or 0.061 (in the simulations of hole propagation) since it is ~ 

5 % in experiments for investigation of impurity transports (e.g., [15]). There are 72 electron 

simulation particles and about 68 ion simulation particles per cell on the average. Also, there 

are about 70 impurity simulation particles per cell in the impurity region (in the simulations, 

we use impurity simulation particles with small mass and charge with their charge-to-mass 

ratio kept constant in order to increase the number of them). 

3. Simulation Results 

In this section, we now present simulation results. In Sec. 3.1, we show simulation results of 

blob / hole propagation with uniformly distributed impurity ions. In Sec. 3.2, the dynamics of 
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impurity ions which are initially 

placed in a blob / hole structure are 

shown. In Sec. 3.3, we present 

simulation results of impurity transport 

from the first wall side in the 𝛁𝐵 

direction by blob / hole propagation 

and estimate an effective diffusion 

coefficient. 

3.1. Blob / Hole Propagation with 

Uniformly Distributed Impurity 

Figure 2 shows results of simulations 

in which the initial impurity density is 

spatially uniform as Eq. (3). As seen 

from Figs. 2 (a) and (b), it is shown that impurity ions in the blob / hole are dragged from the 

higher to the lower potential sides (the dipole potential structure on the poloidal cross-section 

is created in a blob / hole [11, 12]) by the polarization drift and that the biased density profile 

of impurity is transported with the blob / hole by trapping impurity ions in the potential well 

of the blob / hole. Figure 3 indicates that the propagation speed of the blob / hole with 

impurity is nearly equal to that without impurity. On the other hand, the fact that the 

propagation speed becomes slightly slower as the impurity ion mass increases proves that the 

impurity density bias arises from the polarization drift. Although the blob / hole propagation 

is hardly influenced by the impurity, the impurity ions in the blob / hole move in the ∓𝛁𝐵 

direction as shown in Fig. 4. The impurity averaged radial speed in the blob / hole is close to 

the blob / hole propagation speed obtained as vb = 0.064 cs or vh = 0.045 cs from Fig. 3. 

 

FIG. 2. Impurity ion density distributions in poloidal cross-section at various times with the blob 

(a) / hole (b) propagation, where the initial impurity density is spatially uniform and mimp / mi = 4. 

Here, the contour lines in each panel represent the electron density distributions. 

 

FIG. 3. Evolution of the x position of the electron 

center of mass of the blob (red lines) / hole (black 

lines) with impurity (thick solid and broken lines) / 

without impurity (thin lines). 
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3.2. Dynamics of Impurity in a Blob / Hole Structure 

Figure 5 presents results of simulations in which impurity ions are initially placed in a blob / 

hole structure as Eq. (4). Although the previous simulations seen in Sec. 3.1 do not 

demonstrate actual impurity transport clearly, Fig. 5 indicates that most of impurity particles 

which stay in the blob / hole structure at initial stage are transported with the blob / hole after 

shaping the biased profile through the polarization drift. 

 

FIG. 4. Distributions of the x components of impurity averaged velocity in the blob (a) and hole 

(b) cases, where mimp / mi = 4. In each figure, the left panel shows the 2D profile in the poloidal 

plane, while the right panel presents the 1D profile along the red line at x = 21.3 s (a) or 18.7 s 

(b) in the 2D profile. Here, the contour lines in the 2D profiles represent the impurity density. 

 

FIG. 5. Impurity ion density distributions in poloidal cross-section at various times with the blob 

(a) / hole (b) propagation, where impurity ions are initially located in the blob / hole and mimp / mi 

= 4. Here, the contour lines in each panel represent the electron density distributions. 
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3.3. Impurity Transport by Blob / Hole Propagation 

Figures 6 and 7 shows results of simulations in which the initial impurity density has a radial 

gradient as Eq. (5). Here, the radial position of boundary of the impurity region and the width 

of the transition region are set as xs = 5 Lx / 8 and s = 8 g ≈ 4 s. In the case of blob 

propagation shown in Fig. 6, the blob is initially located on no impurity region (x > xs) since 

xb0 = 3 Lx / 4 and xs = 5 Lx / 8. Then, the blob penetrates to the impurity region (x < xs). Figure 

6 indicates that the blob sweeps impurity ions with the blob propagation and impurity ions 

which surround the blob move in the 𝛁𝐵 direction by the E×B drift. 

 

FIG. 6. Impurity ion density distributions in poloidal cross-section at various times with the blob 

propagation, where the initial impurity density has a radial gradient, xs = 19.4 s, and mimp / mi = 

4. Here, the contour lines in each panel represent the electron density distributions. 

 

FIG. 7. Impurity ion density distributions in poloidal cross-section at various times with the hole 

propagation, where the initial impurity density has a radial gradient, xs = 20.2 s, and mimp / mi = 

4. Here, the contour lines in each panel represent the electron density distributions. 
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On the other hand, in the case of hole propagation shown in Fig. 7, the hole is initially placed 

on the impurity region (x < xs) since xb0 = Lx / 2 and xs = 5 Lx / 8. Then, the hole leaves the 

impurity region gradually. Figure 7 demonstrates that the hole carries impurity ions in the 𝛁𝐵 

direction. 

From the blob and hole propagation simulation results seen in Figs. 6 and 7, the effective 

radial diffusion coefficients for impurity ions by the blob and hole propagations on the y-z 

plane at x = xs in the simulation system are obtained as Dimp / DB = 2.66 and 1.26, 

respectively, where DB is the Bohm diffusion coefficient defined as DB = Te / (16 |qe| BLx). 

Here, these coefficients’ values are calculated from the averaged impurity flux between i t = 

1.2 and 116.2 (the blob case) / i t = 1.3 and 117.3 (the hole case). Although the coefficient 

by the blob is larger than that by the hole, it is obvious that the hole transports impurity ions 

more far from the impurity region than the blob. 

4. Summary and Discussion 

This study first shows the following facts on dynamics between impurity and the blob / hole 

structure by means of the 3D-PIC simulation: (1) the biased density profile of impurity in the 

blob / hole is formed, (2) such a density profile propagates with the blob / hole, and (3) the 

effective radial diffusion coefficient for impurity ions by a single blob / hole is comparable to 

the Bohm diffusion coefficient. Although, of course, the effective diffusion coefficient should 

be multiplied by the production rate of blobs / holes per time and area to calculate an actual 

coefficient, such a type of transport might not be negligible as compared with other types 

because it was observed that the ratio between the radial particle flux by the blob and the total 

radial particle flux is ~ 0.5 in the tokamak experiment [3]. Furthermore, the impurity transport 

by the blob / hole might be able to explain the difference of impurity transport property 

between tokamak and helical devices since the blob / hole propagation direction in helical 

devices is opposite to that in the tokamak devices (low-field side). 
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