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ABSTRACT

In this work we describe a kinetic model of JET SOL (scrape-off layer). It includes the
dynamics of three particles: the main ions (D+), neutrals (D) and the electrons. This modelling
aims at improving and understanding the edge localised mode (ELM) transport in the SOL at
the JET tokamak. The simulations were done by particle-in cell (PIC) code BIT1, which is one
of the most powerful tool for electrostatic parallel simulation of edge plasma. It usually includes
Monte Carlo (PIC/MC) code for simulating particle collisions and plasma surface interaction.
PIC codes also might be classified depending on the dimensionality of the code. The dimen-
sionality of the code is usually given as mDnV, where m and n define dimensionality in usual
and velocity spaces, respectively. In our case we develop 1D3V (1D in usual and 3V velocity
space) kinetic PIC model, where the charged and neutral particle dynamics and interaction be-
tween them is included in a fully self-consistent way. The simulations geometry corresponds
to a SOL bounded between the divertor plates, separatrix and outer wall. The particles were
injected by ambipolar source (electrons and ions) and the divertor plates have absorbing nature.
Simulated SOL parameters correspond to the JET SOL and we are simulating the middle size of
ELMs. The time duration of ELM , usually is fixed at 200 µs which is a typical ELM duration
on JET. Our new results agree with previous simulations of the ELM-ing JET SOL with carbon
divertors. As a result we obtained the profiles of the plasma and neutral parameters (density
and temperature) of the fully independent run starting from empty system and reaching to the
stationary state.
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INTRODUCTION

Particle-in-Cell (PIC) simulation represents a powerful tool for plasma studies having a
number of advantages like the fully kinetic description of high-dimensional plasma and the
ability to incorporate complicated atomic and plasma-surface interactions. The PIC codes sim-
ulating the plasma edge usually include also Monte Carlo routines simulating particle collision
and plasma surface interactions. Therefore it is appropriate to call them PIC/MC codes. The
PIC codes are usually associated with the codes solving the equation of motion of particles and
Maxwell’s equations.[1]

Depending of which part of the Maxwell’s equations the code solves, the PIC codes are
divided in two parts: electromagnetic if the code solves a whole set of Maxwell’s equations
and electrostatic if the code solves just Poisson equation. The electrostatic PIC/MC codes are
ideal for the description of the plasma edge where particle distributions are usually far from
equilibrium. This kind of code allows a full diagnostic of the plasma.

For simulation of plasma edge, using High Performance Computing (HPC) systems [1],
also is very important what kind of kinetic modelling is used, parallel or serial. Parallel kinetic
modelling (Fig. 1) is one of the simplest type of modelling, and mostly is used to simulation
some processes. In the parallel kinetic modelling the problem is broken into discrete parts
that might be solved separately. Then each part is further broken into series of instruction and
then the instruction of each series execute simultaneously on different processors. The parallel
kinetic modelling is common technique for reducing the required time consuming for simula-
tions. This kind of modelling is common used in the heavy simulations where are simulated
more than 1010 particles, with 107 time steps because the problem is broken in smaller peaces
and it is faster to solve the problem. Parallel modeling is mostly used for plasma simulated
processes in the tokamaks or other complex space geometries.
In the serial kinetic modelling (Fig. 2) the problem is broken into series of instruction, not firstly
in discrete parts like at the parallel, and then all instruction are execute sequentially one after
another in one single processor. Serial kinetic modelling solves a simple problems where the
time consuming for simulations are not high as was in the parallel. This is because the problem
is solving in one processor not in different as was in the parallel. This modeling is usually used
for solving the numerical codes which are part of some complex one, for example solving only
the Monte Carlo code in N-Particle Transport Code for simulating nuclear processes.

In our work we use the electrostatic part of parallel PIC/MC code, BIT1 with 1D3V
dimensionality. We are using only the electrostatic because in this case we are simulating only
the plasma edge [2],. We are presenting the profiles of JET SOL and prove some rules of the
PIC modelling.

Figure 1: Parallel kinetic modelling Figure 2: Serial kinetic modelling
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GENERAL SCHEME OF PIC SIMULATION

In the PIC simulations, the code firstly simulates the motion of each plasma particle and
then calculates all macro-quantities (like density, current density and so on) depending from the
position. After that, the code calculates the velocity of these particles. The macro-force acting
on the particles is calculated from the field equations.

In any numerical simulation model, the equation of motion of N particles are:

d ~Xi

dt
= ~Vi,

~Vi
dt

=
~Fi

mi

(
t, ~Xi, ~Vi, A

)
, (1)

for i = 1, ...N . Here ~Xi and ~Vi are multi-dimensional particle position and velocity of the
particle i. Macro fields A = L1 (B), with the prescribed rule of calculation of macro quantities
B = L2

(
~X1, ~V1, ..., ~XN , ~VN

)
from the particle position and velocity might be called a PIC

simulation. L1 and L2 are some operators and ~Fi is the force acting on the particle i. In this
case the force which acts on the particles is Newton–Lorentzs force, so the equations of motion
have the following form:

d ~Xi

dt
= ~Vi,

~Vi
dt

=
~ei
mi

(
~E
(
~Xi

)
+ ~Vi × ~B

(
~Xi

))
. (2)

When the equations of motion are solved, then the PIC simulations start to solve the Maxwell’s
equations:

∇ ~D = ρ (~r, t) ,
∂ ~B

∂t
= −~∇× ~E, ~D = ε ~E,

∇ ~B = 0,
∂ ~D

∂t
= −~∇× ~H − ~J (~r, t) , ~B = µ ~H,

(3)

together with the prescribed rule of calculation of ρ and ~J :

ρ = ρ
(
~X1, ~V1, ..., ~XN , ~VN

)
, ~J = ~J

(
~X1, ~V1, ..., ~XN , ~VN

)
. (4)

Where ρ and ~J are charge and current densities and ε and µ the permittivity and permeability of
the medium, respectively. Solving the equations 2 and 3 give us the full form of the PIC code
modelling.

The scheme of the PIC simulation is presented on the Fig. 3. PIC simulation starts with
an initialization and ends with the output of results. This part is similar to the input/output rou-
tines of any other numerical tool. Then continues with solution of equation of motion (particle
mover), calculation the force acting on the particles and then are solved the Maxwell’s equa-
tions. After that using the particle collisions from the Monte Carlo code and the characteristics
of the plasma source and boundary effects, are calculated the plasma parameters (like density,
potential, and so on). The particle mover will be explained, further in details. The explanation
of the other parts of the PIC modelling might be found [1],[3],[4].
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Figure 3: Scheme of the PIC simulation

DESCRIPTION OF PARTICLE MOVERS

During a PIC simulation the trajectory of all particles is followed, which requires the
solution of the equations of motion for each of them. This part of the code is frequently called
particle mover [3]. The plasma problems might be handle by a supercomputers because the
number of particles in a real plasma is more then 1010. Hence, during a PIC simulation it
is usually assumed that one simulation particle consists of many physical particles. Because
the ratio charge/mass is invariant to this transformation, this superparticle follows the same
trajectory as the corresponding plasma particle. As a result the plasma model simulated by a
superparticle is absolutely similar to a real one. The main requirements to the particle mover
are high accuracy and speed. One of such solvers represents the so called leap-frog method.

As in other numerical codes the time in PIC is divided into discrete time steps, in other
words the time is gridded. This means that physical quantities are calculated only at given time
steps. Usually, the interval between the time steps t, is constant, so that the simulated time might
be given as: t → tk = t0 + k∆t and A (t) → Ak = A (t = tk) with k = 0, 1, 2, ..., where t is
the time, t0 initial time and A denotes any physical quantity. The leap-frog method calculates
particle velocities not at usual time steps tk, but between them tk+1\2 = t0 + (k + 1\2) ∆t.
In this way equations become time-centered, so that they are sufficiently accurate and require
relatively short calculation time:

~Vk+1 − ~Xk

∆t
= ~Vk+1\2,

~Vk+1\2 − ~Vk−1\2
∆t

=
e

m

(
~Ek +

~Vk+1\2 + ~Vk−1\2
2

× ~Bk

)
(5)

The leap-frog scheme is an explicit solver, i.e. it depends on old forces from the previous
time step k. Contrary to implicit schemes, when for calculation of particle velocity only quan-
tities at the time step k + 1 are used, explicit solvers are simpler and faster, but their stability
requires a smaller time step ∆t.

It is very important to know what is the accuracy of the leap-frog solver. To calculate the
accuracy of the leap-frog solver, the ~Vk±1\2 and ~Xk+1 from the equation 5, are decomposed in
Taylor series.

~Vk±1\2 = ~Vk ±
∆t

2
~V ′k +

∆t2

8
~Vk
′′
± 1

6

(
∆t

2

3)
~Vk
′′′

+ ...,

~Xk+1 = ~Xk + ∆t ~Vk +
∆t2

2
~Vk
′
+

∆t3

6
~Vk
′′

+ ...,

(6)

where V ′k , ~Vk
′′
, ~Vk

′′′
are first, second and third time derivation of the velocity and ∆t2 and

∆t3 are orders of errors of the time step ∆t. In equation 6 we obtain the order of the error
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Figure 4: BIT1 simulation geometry

∆t2. It satisfies a general requirement for the scaling of numerical accuracy ∆ta>1. In order to
understand this requirement we recall that for a fixed simulated time the number of simulated
time steps scales as Nt ∼ ∆t−1. Then, after Nt time steps an accumulated total error will scale
as Nt∆t

a ∼ ∆ta−1, where ∆ta is the scale of the error during one step. Thus, only a > 1
might guarantee, that the accuracy increases with decreasing ∆t. This is the main rule of the
PIC modelling, which will be experimentally proved, in the section were are discussed the test
simulations. Also is proved that accuracy depends not only from the time steps, but also from
the number of cells (nc).

SIMULATION GEOMETRY

BIT1 is an electrostatic massively parallel Particle in Cell (PIC) code for simulation of
plasma edge [2]. It incorporates e,H,H2, He, C,O2,W, their isotopes and few hundreds of
corresponding atomic, molecular and plasma surface interaction processes (AMS) processes.
The number of implemented particle types is limited by available AMS data: searching for and
validating of the corresponding differential cross-sections and of the plasma-surface interaction
(PSI) data is one of the most time consuming part in development of realistic plasma edge mod-
els. The collision operators simulate atomic and molecular processes, conserving energy and
momentum. The PSI represents a linear model with prescribed (energy and angular dependent)
particle release coefficients and prescribed velocity distributions of particles released from the
wall.

The Simulation geometry corresponds to a 1D flux tube in the SOL along the poloidal
direction (see Fig. 4) [5]. The plasma and heat source model the cross-field transport across
the separatrix. The center and the length of the source region correspond to the OMP (outer
midplane) and to the distance from x-point to x-point along the separatrix. Plasma particles
(electrons and D+ ions) entering the system propagate towards the divertor plates, where they
are absorbed (except low energetic electrons which might be reflected by the sheath potential)
at the divertor plates. The absorbed ions might sputter C impurity or recycle D atoms, which
propagate upstream in the SOL and interact with plasma. The sputtering (physical and chemi-
cal) and recycling coefficients are energy and angle dependant [6], [7]. The neutrals are treated
in 2D geometry: if they reach the radial boundaries, corresponding to the private region and the
outer wall, they are removed from the simulation. The impurity ions (C+) might be removed
from the simulations with a probability corresponding to the (specified) cross field diffusion. In
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order to keep these outfluxes ampipolar, one electron is removed together with the C+ ion.
Input file of the original BIT1 code is extremely complex [2]. It includes: the descrip-

tion of geometry of the SOL, the description of the external circuit, the description of parti-
cle sources, the description of the simulated species, description of the atomic and molecular
physics, physics surface interaction processes for each particle species and included code spe-
cific parameters, e.g. number of cells, and so on. This general input is very flexible and allows
testing of different plasma edge models.

DISCUSSION OF TEST SIMULATIONS

In order to prove the work of the BIT1 code and the rules of the PIC modelling, we
performed set of test runs. The simulation geometry corresponds to a SOL of JET tokamak
with carbon divertor plates. For simulation were used the main ions (D+), neutrals (D) and the
electrons. It was done fully independent run, which means that we started with empty system
and reached the stationary state. The profiles of the particles of this run are plotted in the Fig.
5.

(a)

(b)

Figure 5: (a) - is temperature profile of the electrons (blue line), ions (green line) and neutrals
(red line), (b) - is density profile of the electrons (blue line), ions (green line) and neutrals (red
line)

For studying the main rules of the PIC modelling and how the accuracy depends from the
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time step and number of cells, we saved this state (the stationary) and restart the simulation with
decreasing and increasing the time step by factor of 2, and also decreasing and increasing the
number of cells by factor of 2. The results of profiles of this changes are presented at the Fig. 6
and 7. This results show that by decreasing the time step and increasing the number of cells,e.g
increasing the accuracy, there were a small difference, comparing it with the original one. But
with increasing the time step and decreasing the number of cells, e.g reducing the accuracy, the
results diverge. From the figures 6 and 7 it is obviously that the most sensitive parameter, when
the accuracy is changed, is the electron temperature (Te).

(a) (b)

Figure 6: (a) - Temperature profile of the electrons at different time step , (b) - Density profile
of the electrons at different time step, (dt = 8 · 10−13 blue line, dt = 4 · 10−13 red line,
dt = 1.6 · 10−12 yellow line)

(a) (b)

Figure 7: (a) - Temperature profile of the electrons at different number of cells, (b)- Density
profile of the electrons at different number of cells ( and (nc = 120000 blue line, nc = 60000
red line, nc = 240000 yellow line)

CONCLUSION

The importance of parallel kinetic modeling is to simulate huge number of particles for
very short time. In this article were presented the characteristics of the parallel kinetic model-
ing code PIC/MC BIT1. Also were theoretically and experimentally shown the main rules of
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the accuracy of the PIC modelling. As a test simulation at the code BIT1 was simulated the
SOL of the plasma at the JET tokamak. For simulated particles were used electrons, ions and
neutrals. As results of the simulation were presented the temperature and density profiles of the
particles.For further researching these results will help us for more deeply investigation for the
other plasma devices.
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