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Abstract

Large energy fluxes and energy deposition are often found during off normal events in fusion reactors both magnetic and
inertial confinement. Great temperature excursions can be found in the plasma facing components materials resulting in
melting, evaporation, and expansion of the target material vapor cloud and successive plasma interaction. A general
methodology for the computational solution of this very complex problem is proposed in this paper using a novel
approach of the Particle-in-Cell method. This novel approach preserves many of the original Particle-in-Cell
methodology proposed by Harlow’s but introduces several changes to the method, which makes it particularly suitable
in plasma dynamics applications as Tokamaks devices. Benchmarking is done using results from the very well-known
and benchmarked HEIGHTS computer package and using available results from the MK200 plasma gun experiments.
The general scheme is explained in detail and results and discussion related to the main computational aspects are
presented. In particular, the critical importance of the starting computational mesh versus the aimed accuracy is studied
and explained. The methodology is different from any other presented in literature because the dynamics of the
physical problem dictates that as enough energy is being dumped on the target plate, melting and evaporation of the
material takes place. As time progresses, new sample particles are introduced in the system making this boundary a
dynamic one along time. Computer time is discussed in relation to the initial sample particle loading, aimed accuracy
and importance of the time used for solving the radiation transport at each time step.

Keywords: HEIGHTS; Particle-in-Cell; Tokamak divertor erosion; Radiation transport solution; Tokamak edge localized
modes and disruptions

1. INTRODUCTION velocity of the particles. Today’s codes can simulate up to
10'° particles and follow the motion of plasma in machines
like Tokamaks.

The aim of this paper is to explain a novel approach used
for the PIC technique (Genco & Hassanein, 2011) which is
particularly suitable for simulating plasma behavior and
plasma interactions during the very complex series of
events following high heat loads derived from disruption,
vertical displacement events, run-away electrons and off-
normal operations in Tokamaks.

Damage to plasma facing components (PFCs) as a conse-
quence of plasma instabilities or off-normal events in Toka-
mak reactors still represents one of the biggest obstacle to
their successful development as safe energy producing reac-
tors (Hassanein & Sizyuk, 2008; Hassanein et al., 2010; Has-
sanein & Konkashbaev, 2003). These intense energy
deposition events (up to 200 MJ/m?) over very short times

] (0.1-500 ms) result in material erosion, evaporation, large
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Particle-in-Cell (PIC) simulation is a very powerful tool for
representing with relatively good accuracy, plasma in several
areas of science. It is possible to incorporate complicated
atomic physics as well as specific plasma behaviors into
the model and still get a precise view of its evolution. Bune-
man and Dawson (1959-1962) (Buneman, 1959; Dawson &
Oberman, 1962) started this approach simulating a small
number of particles to represent the motion of all particles
and their interactions. They applied the PIC technique in a
very different way from the one originally proposed by
Harlow in 1955 (Harlow, 1955; 1963; Evans & Harlow,
1957). Plasma in this case is not treated anymore as a pure
fluid. The PIC algorithm simulates the motion of each
sample plasma particle calculating at each time step the
macro quantifies with it associated: current density, pressure,
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upon impingement of these large amounts of energy, is
characterized by heat transfer into the bulk target with
moving boundaries problem, vapor cloud MHD interacting
with the incoming plasma particles and photon radiation
transport.

HEIGHTS-PIC package has been developed to solve a
multi-dimensional plasma evolution after an intense energy
deposition from plasma instabilities impinged on the PFC.
The purpose of such package is to develop another path for
the solution of the integrated and complicated physical
models involved using the PIC technique. Detailed physical
models of plasma — solid-liquid-vapor interactions with the
presence of a strong inclined magnetic field have been devel-
oped in a self-consistent model coupled with radiation MHD
models. Plasma ELM/disruption modeling is presented and
explained in detail as well as the new approach proposed into
the PIC technique. Results for ELM and disruptions reprodu-
cing the MK200 plasma gun experiments are presented and
discussed with special attention onto the advantages and
flexibility of this new PIC approach regarding choice of the
computational mesh and computational time versus aimed re-
sults accuracy.

This paper is organized as follows. The main structure of
the computational models is presented and discussed in Sec-
tion 2. In Section 3, the main assumptions constituting
HEIGHTS-PIC are introduced and discussed, while bench-
marking results, accuracy and stability of the technique are
discussed in Section 4. Section 5 discusses future develop-
ments of HEIGHTS-PIC and potential applications.

2. HEIGHTS-PIC MODEL SUMMARY

HEIGHTS-PIC is a “full-particle” representation being the
momentum and energy Lagrangian variables. The position
of the expanding vapor front formed after the target material
has vaporized, is monitored constantly and compared to the
original position of birth of the sample particles. A fixed
grid is used for the Eulerian frame while an adapted one is
used for the solution of the PIC Lagrangian phase. Since
the grid is used as an updated Lagrangian frame, the non-
linear convection term associated with Eulerian formulations
does not appear making density “frozen” at this stage of the
solution. The vapor-plasma cloud is highly dynamic and col-
lisional and develops with an increasing number of super-
particles incoming from the divertor/target surface. After
the material starts vaporizing, the area of interest is enriched
by the formation of new particles of vapor that tend to inter-
act with the existing ones as well as the plasma making this
boundary a dynamic one. The incoming heat load and plasma
energy is numerically interpreted as a beam of energy of
specific shape: exponential, Gaussian and homogeneous
beam shapes are all included into HEIGHTS-PIC for better
comparison. Energy is deposited onto the target plate and
into the vapor cloud proportionally to the path and speed
of the ions subjected to the magnetic field path. The first self-
consistent block to be solved is the heat conduction equation
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applied to the material solved to find the new temperature of
the surface. The methodology used is an implicit method: at
each time step the characteristics of the inward and outward
power fluxes are evaluated. As the plate undergoing erosion
has produced enough new carbon plasma, new numerical
super-particles representing the original ensemble of
carbon plasma particles, are generated from the target
material and introduced into the system.

The super-particles are added to the closest cells to the
target plate surface according to the position of birth. The
position of all sample particles is constantly known through-
out the mesh and the solution of the Eulerian and Lagrangian
steps. Each value of pressure, velocity, energy, density, and
temperature associated with the center of the cell is also
known at each time step and assumed homogenous through-
out the cells themselves. The radiation transport in
HEIGHTS-PIC is solved at each time step.

The accurate solution of the radiation transport equation is
critically important for having close-to-experiment predic-
tions of the erosion and material damage. As the vapor
screening effect becomes significant, the only indirect
energy reaching the target plate is through ground radiation
while big part of the energy is radiated away toward other
close PFC. Photon radiation is composed of two different
fluxes: continuum radiation and line radiation. Opacity and
emissivity data are provided through local evaluation of the
plasma characteristic in the cell and self-consistently solving
the radiation transport.

2.1. Plasma: Material Interaction

As the direct energy from the impinging plasma starts heating
up the material, melting and vaporization can be expected in
the target plate. The produced vapor will expand and start in-
teracting with the incoming plasma. The deposition of
plasma energy will then produce intense bulk vapor heating
with subsequent vapor ionization while the screening effect
will protect the target plate from most of the incoming
energy. The only indirect effect will be through the ground
radiation developed as a consequence of the interaction be-
tween plasma particles and vapor particles (Hassanein &
Konkashbaev, 1994). The thermal response of the PFC is
solved using the time dependent heat conduction equation
in one or two dimensions:

or .
pep 5, = V- (KVT) +dGz. ) M

where T is the temperature, cp is the specific heat, p is the
density, K is the thermal conductivity, and c.] is the volumetric
energy deposition rate of the energetic electrons and ions into
the plasma. All material related properties are assumed to be
temperature dependent and calculated accordingly. Surface
temperature is calculated using the boundary conditions
and the dynamics of the evaporation process. At the begin-
ning of the disruption, as all energy is being deposited
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onto the material, the surface temperature starts rising
diffusing deeper and deeper (Hassanein & Konkashbaev,
1994).

The surface temperature calculation requires the evaluation
of the single portions of incident energy that go into conduc-
tion, melting, evaporation, and radiation. The kinetics of the
evaporation provides the physical and mathematical connec-
tion between the out coming net particle flux from the surface
and the surface temperature. The boundary condition is ex-
pressed by:

or 4 4

F(r,n = _K(TV)(TZ + p(TOLAT)V(T,) + 0e(T, — Tj), ()
where F(r,t) is the radial heat flux coming from the plasma,
L, is the heat of vaporization (7) is the velocity of the reced-
ing surface and T, = T(r,z = 0,t) (Fig. 1). The velocity of the
receding surface is typically a function of the instantaneous
surface temperature and other materials parameters. The
last term of the equation is the radiative heat transfer term.
It contains Ty which is the temperature of the surroundings,
o is the Stefan-Boltzmann constant, and € is the material
emissivity.

As the vapor starts building up and becomes thicker and
thicker above the PFC surface, the vapor shielding becomes

more and more efficient changing the boundary condition
into:

or
_Ka_z (0, 1) = qoas + qrap — qevars 3)

where ggas is the net heat flux from the near-wall vapor
cloud, grap is the radiation heat flux absorbed at the material
surface, and ggvap is the evaporation heat flux calculated
from the enthalpy of evaporation for the material under
investigation.

The evaporation flux is calculated using the well-known
Hertz-Knudsen-Langmuir theory (Hassanein, 1984) of
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Fig. 1. (Color online) Schematics of geometry of the three-dimensional
Gaussian beam acting on the target surface [10].
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evaporation and condensation under non-equilibrium con-
ditions providing:

J(t) = JgQ(TV(t))[O.S + 0.2~ =1/ 10“‘)], “)

where J(¢) is the net evaporation flux, #, is the preheat time
in order for the vapor to form, 1¢ is the collision time while
Ty is the surface temperature. Note that tc represents the
time scale for the recombination effects and can be evalu-
ated as:

1/te = 163/mnal (kT,/m)""?, 5)

with m(ag)® being the scattering elastic cross-section for the
vapor atoms and n the vapor density in front of the surface.
The maximum vacuum evaporation rate Ji2 can be calcu-
lated using the Maxwell-Boltzmann relationship and using
the average velocity to provide:

T = n(kT,/270m)'?, ©6)

where m is the mass per atom and k is the Boltzmann
constant.

The net heat flux ggag due to the particle transport from
the near surface vapor to the target can be described by the
expression:

1 3
qcas = azniviik(Ti - Ty), 7

where v; is the thermal ion velocity, T; is the ion temperature,
Ts is the target surface temperature and o is a collisional
factor (roughly equal to 0.2) of the free-streaming energy
transport. It is important to notice that the free streaming
term is more important for high Z materials than for low
ones. In fact, close to the target where the vapor is denser,
the vaporized atoms do not move really fast making this
term more important. Also, no electron free streaming term
is considered since the surface has a positive potential. The
volumetric energy deposition function is calculated in the
solid target material using very detailed models that include
also the slowing down physics of ions into solids. The
change of phase for the surface materials considered
(carbon) is also included.

The heat conduction equation is solved in two dimensions.
This requires the use of a coordinate frame which moves with
the receding surface using the instantaneous surface position:

t

z2(r,t) =279 — l[v(r, tydt, ®)
0

where z; is the original position of the surface at the begin-
ning of the calculation (i.e., disruption or off-normal event)
and v(r,r) is the surface velocity. Using the fact that in our
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problem, symmetry exists so that we can consider 6T /0r = 0
the equation transforms into:

oT oT .
pep o, = PDepV(r, 1) P q(r, z, 1), ®

that includes a convective term before not present. The
boundary condition seen before applies for z = 0. Typically
the temperature at the boundary inside the material is given
for two dimensions but it is fixed and equal to the ambient
temperature Ty,. The surface velocity needed to evaluate the
boundary condition can be calculated from (Hassanein,
1984):

—t

APy(T; —
aVAPY(Ty) |6 02610%C ., (10)

_ -2
V(r,t)=5.8e10 —p(Tv)m .

where o is the sticking probability, A is the atomic mass of
the target material, Py is the vapor pressure, and 1 is the col-
lision time.

2.2. Plasma: Vapor Interaction

Once the material under heat flux load starts vaporizing, the
screening effect of the cloud directly onto the target material
becomes more and more efficient. As enough energy reaches
the area, ionized vapor will start forming and interacting with
the inclined magnetic field that will limit the expansion of the
vapor itself. The ions will only move along the magnetic
lines. In this condition, further heating of the surface is due
only to vapor thermal radiation and thermal conduction.
The expansion of the vapor into vacuum is then determined
by solving the MHD equations for conservation of mass, mo-
mentum and energy (Hassanein & Konkashbaev, 1994):

op _

5+V~(pV)_O

v

VP =0

P TV an
b

E . .
5+V(E.v)+Pv.(V)

=V - (KVTD)+ V-0, + V-0

where p is the density, V is the vapor velocity, P is the
pressure, E is the energy, K is the vapor conductivity, Qy, is
the incident particle flux from the incoming plasma, and Q,
is the radiation flux. The vapor plasma once it is ionized
moves freely along the inclined magnetic field lines. The
equation describing the vapor motion in a magnetic field is
given by (Hassanein & Konkashbaev, 1994):

ov

pEZ_VPJrfxE. (12)
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The magnetic force J X B acts as a retarding force for the
expanding vapor with important consequences toward the
final and total erosion of the plate. The perpendicular com-
ponent to the B field of the force is predominant. Two parts
compose the magnetic force: Fingneic OF magnetic pressure
force and F .y yawre due to the curvature of the magnetic field:

B2
sziV§2FC=iB— 13)
Ko Re
The current density is given by:
1 _,
J=—VxB. (14)

Ho

The magnetic diffusion in the vapor cloud needs to be con-
sidered in the solution of the MHD equation. The variation
along time of the magnetic field can be calculated with:

OB 1 Lo
—=-—V VxB 15
% " X (e+VxB), (15)

where € is the induced electric field and can be calculated as
e=J /0. The vapor conductivity ¢ for weakly ionized plasma
is directly proportional to the vapor plasma collision time t
and density n. and inversely proportional to the mass of the
electron:

4mn e
o= o (16)

me

The vapor equations are solved in two-dimensional coordi-
nates (X axis and Y axis) system along and across the magnetic
field lines (Fig. 2). Z-axis is the toroidal axis while Y-axis is the
poloidal one.

Then they are transformed back to the xy axis reference
(perpendicular to the target plate and parallel to the divertor).
Joule heating of the vapor cloud is also considered and eval-
uated in this phase of the calculation. In order to evaluate the
eroded mass due to the disruption on the reference target

X axis

TARGET PLATE]

Fig. 2. (Color online) Schematic illustration of HEIGHTS-PIC geometry
and axes.
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surface, the following relationship is used:

t=00 R

Am = j j 2nrpV(r, t)dt. a7
t=0 r=0

From the mass, using the density of the material, the thick-
ness or depth of the eroded material can be calculated.

The entire system of magneto-hydro-dynamics equations
can be summarized as (18) for mass continuity and momen-
tum continuity equation, (19) for energy conservation and
(20) for Maxwell equations:

L4 vVpeV=0
6l+ P
7 2
PV Gov i+l (P B —i(EV>BX:FX
ot o 200/ 1o
opV, B2 1 (18)
Y 4L VpV,V P+ )—-—(BV)B,=F, =
5t+p’+6(+2uo> uo( = =0
il (59)5.~ 0
ot Ho
o pv? B2 oy PV o
o+ L+ V i+ )+ P
at{p + > +2p0}+ {V(pe—{— > +P-V
Lo 19)
ExB
—KVT + SRad + } = QBeam
0
OB .
—=-VXE
ot %
Lovgo7;
Ho
VeB=0 (20)
VeE=p,
U
E+VxB==-]
o

where T, is the target plasma electron temperature, ¢ is the
plasma conductivity, and j is the electric current density.
Also, B is the magnetic field inductance, p, 17, e;, P are the
plasma density, the velocity, thermal energy, and the pressure
while S,.q is the radiation heat flux. No viscosity term is con-
sidered given the high heating due to the incoming hot
plasma. Q is the power density deposited to the target
plasma and the target by the incoming hot SOL plasma by
collisional stopping. If the Poynting vector term V E;)B and
the equation of the magnetic field are rewritten using
Ohm’s law and Maxwell’s equation, the system of equations
can be transformed and rewritten with analogy to (18)—(20)
into (Hassanein & Konkashbaev, 1994):
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op - o
X VYoV =
o pV =0
OpVyx = 0 B? 1 /oo
VpV,V —— ——)+—(BV)B, +F,
ot 6x( +2p0)+p0( ) +
opV, 0 B 1 @b
Y~ _Vov,V——(P+)+—(BV)B,
or P GX( +2H0)+P0(
6p\7, - I R
L= _VpV.V+—(BV )B.
Ot Pz +p0( )
0 PVZ 2 N P 2 BZ
AR RN U R ae
B? B, - S (A =
+<P+—> V ——(VB) —V(kVTe>
2 Ho
(22)

In the last equation, it is clear that the first term on the right-
hand side describes the diffusion while the second describes
the convection of the magnetic field. Along the three main
axes, the last equation can be written as:

0B, 0 (1 0B L0 0 (1 0B,
ot~ ox\op, ot Oy \oy, Ot

d
+3 (Bv B.V,)
%_6(163) (153)
o  ox ar ) "oy \oy, o
t oy, Ot y \ oy, Ot 23)

d

+—(B.V, — BV,

+=( )
oB._ o (1 0B\, (1038
ar — ox\oy, or oy, ot

d

0
a—(B V. —B. V)—|—a—y(B).VZ — B.V))

In the solution of the systems of equations, very important are
the boundary conditions imposed to the computational
domain. In particular, they need to be imposed on all four
sides of the domain with special consideration to the treatment
of the heat transport inside the solid target. It is assumed that
the target is a bulk material so that a reflective boundary con-
dition is imposed with the addition of a source due to vapor-
ization. For the “side walls” (still considered as computational
domain since the only effective and real wall is the target
itself), reflective boundary conditions are chosen. This
means that the plasma expansion is stopped at rigid walls or
at the boundary. The artificial mesh created around the
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computational domain to impose the boundary condition can
then be determined assigning to those cells precise values.
The momentum perpendicular to the boundary cells has gen-
erally opposite sign with respect to the neighboring meshes.
All the other values (as temperature, pressure, density, or
mass associated to the cell) are kept identical to the fist
mesh while energy is imposed equal to zero. The value of
By is not assumed to be frozen at the graphite target and
posed equal to the one in the first computational cell: this is
done to evaluate eventual diamagnetic effects.

2.3. Radiation Transport and Optical Properties of
Plasma

After enough vapors has accumulated in front of the divertor
plate, the impinging plasma particles will be totally stopped
by the vapor cloud with residual heating and ionization of the
cloud itself. Photon radiation by the vapor cloud is then
emitted due to the continuous vapor heating process. At
this point plasma energy is transmitted to the divertor/
target surface only indirectly through photon radiation deter-
mining the final erosion rate. Radiation is composed by two
different fluxes: continuum radiation and line radiation.
Given the highly dynamical development of the disrup-
tion/instability process, the radiation process cannot be con-
sidered stationary so that the radiation transport equation
should be written as (Hassanein & Konkashbaev, 1994):

10 -
“Yia I =n —al,, 24
|:caz+ . V:| n, — & 24)

where [, is the radiation intensity, v is the frequency, 1, is the
vapor emissivity, Q is the solid angle, and «,, is the absorp-
tion coefficient. Based on the carbon available atomic data,
the collisional-radiation (CRE) equilibrium model is used
to calculate the ion population balance of the plasma, ther-
modynamic functions, and above all the absorption and
emission coefficient at each time step. Collisional processes
include collisional excitation and re-excitation, collisional
ionization and three-body recombination. The populations
of atomic levels are determined from detailed analysis of col-
lisional and radiative atomic processes. The latter ones can
include discrete spontaneous transitions, photo recombina-
tion, and dielectric recombination. In collisional process,
free electrons transfer energy to bound electrons (excitation
and ionization) while in a pure radiative process, photons
transfer all their energy to electrons via inverse Bremsstrah-
lung radiation, photo-excitation and photoionization. Colli-
sional de-excitation, recombination, radiative de-excitation,
spontaneous and induced emission, bremsstrahlung and di-
electric recombination are all inverse processes.

Using the level populations, the emission and absorption
coefficients are calculated evaluating the transition probabil-
ities between the various energetic states. Transitions taken
into account are the free-free, bound-free, and bound-bound
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type. This last transition produces an emission or absorption
of line radiation.

For values of plasma densities above 10'® cm ™ and rela-
tive low temperatures (less than 10 eV), plasma can be con-
sidered in local thermodynamic equilibrium (LTE). In such
conditions, plasma is dominated by recombination and
de-excitation processes: Saha equation is used for the calcu-
lation of ions concentration, while both emission and absorp-
tion coefficients are considered identical. The level
populations are calculated using Boltzmann distribution.

For values of plasma densities below 10'” cm ™ and temp-
eratures larger than 10 eV, the LTE approximation cannot be
considered valid since recombination, dielectric recombina-
tion and radiative de-excitation become much more impor-
tant and cannot be considered negligible anymore.
Non-LTE plasmas exhibit typically a lower ionization
degree as well as a population of exited levels. For such
reasons the emission coefficients of non-LTE plasmas are
smaller.

In optically thin plasmas, the transitions frequencies of all
atomic processes are dependent solely on density and temp-
erature. For this reason, radiative excitation and ionization
processes have a negligible influence. In optically thick plas-
mas, reabsorption of radiation is occurring. Radiative exci-
tation and ionization have to be calculated as well as their
transition probabilities. Both these quantities depend on the
local radiation flux, which is typically obtained from the
transport calculations. In this case calculations are performed
for plasma with constant density and temperature.

Hydrodynamic equations are written in form of pressure and
internal energy and coupled with the radiation transport
equations written as functions of the density and temperature.
The two processes are solved self-consistently into HEIGHTS-
PIC while the equation of state for carbon represents the link be-
tween these two processes. The radiation transport solutions also
use additional information regarding the ionic and electronic
concentrations in the plasma which depend on the populations
of atomic levels and charge distribution in each examined cell
of the mesh.

To solve the radiation transport along each time step, the
absorption and emission coefficients are calculated for each
cell. They depend on temperature, density, ionization state
and are also functions of the frequency of absorbed and
emitted elements. The calculation is very complex since for
each computational cell and for each time step, the popu-
lations’ levels and cross-sections of the atomic processes
must be evaluated making this part of the calculation particu-
larly intensive. For getting highly accurate results, the popu-
lations of atomic levels and ion structure of the plasma are
also calculated.

The use of the tabulated values for the energy levels, oscil-
lator strength and other atomic parameters allows the calcu-
lation of photoionization cross-sections or the constants to
evaluate the radiation broadening of spectral lines. The ion-
ization structure of the plasma and populations of atomic
levels can be found using the non-steady kinetic equation
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(Hassanein & Konkashbaev, 1994):

—N; ZK,J + ZNKJI,

Wiall i+j

(25)

where N; is the population of atomic levels i produced by the
transitions from this level to other level j (with transition rate
equal to K;; ) and the transitions from other level j to the level
i (with transition rate equal to K;; this time). If the ground
level is i, then this is the ion concentration in the plasma.

To be complete, one equation for each atomic level needs
to be written. If atomic transitions are much faster than the
typical thermodynamic processes of the plasma, then the
atomic system can be considered in equilibrium for each
hydrodynamic step so that the previous equation becomes
homogeneous:

0=-N; ZK,'J + Zlijj,ia (26)
Viall i#j
so that
dN;
=0. 27
i 27

Since the kinetic rates of radiation and photoionization strictly
depend on the radiation flux, the equations just seen need to be
integrated with frequency-dependent equations of radiation
transport which are defined by the radiation process in the
whole plasma domain. The problem is then spatially non-
local. The CRE approximation accounts for collisional pro-
cesses, photo de-excitation and photo-recombination while it
neglects the processes of photo-excitation and photo-
ionization. This means that locally the approximation well de-
scribes the characteristics of optically thin plasmas in a wide
range of temperature and density as it happens in our
simulations.

Using this approximation, excited states are connected
only with the ground state so that only collisional excitation
and radiation de-excitation are considered. These effects are
present in very hot, optically thick plasmas. Collisional tran-
sitions as well as radiative decay from higher bound levels are
considered united with three-body recombination and radia-
tive recombination. This methodology is complicated and
computationally intensive: for this reason it is very important
to choose wisely both the number of sample particles repre-
senting the plasma as well as the proper size of computational
grid.

Transition rates K; ; are defined by the interplay of radiative
and collisional processes. Different transitions are described
by different processes: the transition to continuum spectrum
is defined by the electronic collisional ionization while the
discrete transitions from lower level to higher levels are de-
scribed by the electronic collisional excitation.

The rate of transitions to the lower level can be obtained
from the radiative spontaneous transitions and electronic
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collisional de-excitation. The recombination rate is calculated
taking into account dielectronic recombination, three-body
recombination and photo-recombination. The first one in par-
ticular, is determined by the ion capture of an electron and
concurrent excitation of the associated electron. This leads
to a spontaneous transition to the ground state. Also in the
calculation for the ionization and excitation rates the radiative
processes of photo-excitation and photoionization need to be
considered. This complicates the sets of equation since the
processes are generally defined by non-local plasma proper-
ties making the solution of the algorithm quite complex and
needing inputs from the solutions of the hydrodynamic part.

For calculating the opacities of the plasma acting on the
entire computational mesh, it is important to evaluate all
three contributions coming from the Bremsstrahlung radi-
ation, the photo-ionization from the ground, excited and
inner cells, and finally the discrete transitions. Each effect
is described by the corresponding cross section. The profiles
of spectral lines need special attention since all broadening
mechanisms (Doppler, Stark and radiation) might be impor-
tant according to the conditions of the plasma. Stark broad-
ening though plays a dominant role among those and in
our simulations.

The total absorption coefficient k., depends on local
values of density p, the temperature 7 and the ionization Z
of the plasma. The absorption coefficients can be written as:

kmt(P’ T, hl)) = kfreefree(p, T, hl)) + kboum/free (P’ T, hU)

(28)
+ kbound baund(P7 T’ hU)

The total value then is calculated summing up the contri-
bution from each free-free transition, bound-free and bound-
bound transitions with i and j the energy states, j is the
excitation level while i is the ionization state. The single con-
tributions are defined as:

Kiree free (P> T> h0) = N(T, p) X Y _ o (T, hv)

X (1 — ™Ky x N(T, p)
Z Z o} (hv) x Niy(T, p)

= 22l x N p

kb()undjre( P, T, hU (29)

kbmmd bound P’ T hU

Line radiation and profiles need accurate evaluation. Atomic
and ionic spectral lines originate from specified electronic
transitions between very well defined energy levels of
atoms and ions. The lines though are not sharp because of
several broadening mechanics so that the effective line has
a finite width which must be calculated or approximated.
The mechanisms that contribute to the finite width of the
line profile are four: natural broadening, Doppler broadening,
Stark broadening and interaction with neighboring particles.

The broadening of the Stark effect can be significant with
respect to the natural one. In highly ionized and moderately
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dense plasmas, Stark broadening is definitely the dominant
effect and becomes more and more effective as temperature
and density rise. In fact the energy levels within a single
atom may be modified due to the electric field of nearby
atoms or ions.

The CRE model used in HEIGHTS-PIC well describes the
optically thin steady state plasma. However, in presence of
optically thick plasma or external energy applied, the CRE
model needs modifications so that the model becomes self-
consistent and non-local. Additional effects are added in
our case and they generally depend on the initial state of
the problem. In particular, the photoionization process is par-
ticularly important in the description of plasmas with high
temperature gradients. In the solution of the radiation trans-
port equation, the computational mesh used for its solution
not necessarily coincides with the one used to solve the
hydrodynamic solution. In fact, the two systems are de-
coupled, and the radiation transport can be solved using a
different grid. In the simulations here proposed, the radiation
transport is solved using a quadrangular mesh (versus the
hydrodynamic one which is rectangular) formed by 6 cells
by 6 cells or 12 by 12 cells and so on: those cells are then
bigger than the ones used into the hydrodynamic solution.
This allows more flexibility as well as the possibility to
choose the best configuration according to the aimed accu-
racy. The solid angle is subdivided in eight main rays (Fig. 3).

The transport of energy is calculated precisely along this
geometrical configuration covering well both isotropic and
anisotropic behaviors. In fact, the photon propagation wave
nature can be well represented by cylindrical coordinates.
So while as described before, the hydrodynamic part of the
PIC solution is well described by a rectangular domain, the
radiation transport solution uses cylindrical coordinates to
solve the radiation transport equation. A specific subroutine
into HEIGHTS-PIC takes care for each time step of the map-
ping from the rectangular grid to the cylindrical and vice
versa. In Figure 3 it can be seen the relationship between

X axis . A

RAY 7

TARGET PLATE ¥ axis

Fig. 3. (Color online) Schematic illustration of ray tracing methods and cy-
lindrical radiation basic geometry in HEIGHTS-PIC.
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the hydrodynamic PIC cells established in the Eulerian
mesh and the smaller in number cylindrical radiation trans-
port cells chosen by the division into sectors. So many
hydrodynamics cells can be included in one cylindrical radia-
tive one. With the use of this methodology, photon-deposited
energy can be tracked with great accuracy allowing improved
accuracy in the solutions of the problem.

For continuum radiation the set of self-consistent equations
are given by (Hassanein & Konkashbaev, 1994):

~ 2+ Qe VI, = —(aply — 1) = —auly — S),  (30)

associated with the material energy equation :

‘Z_‘f —4n j (s — So)dv + O, 3D

where as before, I is the radiation intensity,  is the frequency,
¢;1s the vapor emissivity, Q is the solid angle, and d; is the ab-
sorption coefficient, Q represents other energy sources and J;
is the angle-averaged radiation intensity:

1
Jy = —jlu dQ. (32)
4n

And S, =n,/a, is the source function. In LTE, the source
function is the Plank function B, and depends only on
temperature.

Discretizing in time and linearizing about the actual temp-
erature Ty, the material energy equation reads:

er(T —Tp) = Atjau (Jo = $9)av + 0Av, (33)

where cr is the specific heat for the total system of matter and
radiation. Combining this equation with the linearized ver-
sion of the transport, it follows (Buneman, 1959):

%%Jr Qe VI, = —ay(l, — 59
+a, ZST” (r-1° e
= —a,(L, - 59) +f—;au%jau(fu — 89)dv

In this equation, the integral term couples together intensities
for all frequencies and for all angles. In our case, the entire
space is divided into eight fundamental directions or rays
and the equation, solved for each single one, accounts for a
portion of the real diffusion and movement of the radiation
field.
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For line radiation the set of self-consistent equations are in-
stead given by:

o, -
cot +Qe VI, = _(aUIU - I]u) =~y — Sy)

ay
dr —

(35)
AY

1o, -~
- + Qe VI, = —(Olulu - rlu) = —a(ly = S)
ay

==

(36)
AY

where Y is the vector representing the population densities of
the atomic levels and A is the rate matrix.

The total rate A; connecting two generic atomic levels i
and j, includes all collisional and radiative transitions both
discrete (bound-bound) and continuous (free-bound). The
different populations respond to radiation through the effects
on the transition rates. Both absorption and emission coeffi-
cients are calculated similarly to the procedure explained in
Morozov et al. (2004).

3. TARGET PLATE GEOMETRY AND
COMPUTATIONAL SETUP

The first one (X-axis, Fig. 3) is perpendicular to the divertor
plate and it will provide a spatial measure of the evolution of
the plasma above the target. The Y-axis is the radial direction
of the toroid and is also the “poloidal direction” for the B
field. The Z-axis instead represents the toroidal direction
for the B field. The computational grid (Fig. 4) where the
mesh will be placed is so perpendicular to the plate and pro-
vides a spatial projection of the plasma movement along time
(Genco & Hassanein, 2011. The mesh is formed by rectangu-
lar cells having X and Y components. The number of cells
along X and Y can be chosen arbitrarily, as well as the incli-
nation of the divertor plate with respect to the natural axis X,
and Y, (Fig. 5). The toroidal angle (or magnetic angle) can
also be chosen and it is the angle between the B field and the
divertor plate.

= o !
TARGET PLATE

Fig. 4. (Color online) Schematic illustration of HEIGHTS-PIC geometry
with carbon plasma super particles formation.
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Fig. 5. (Color online) Schematic illustration of HEIGHTS-PIC geometry
and axes with angle over Y.

The initial state of the computational mesh is defined
having some cells (the ones directly facing the divertor or
target plate) filled with neutral vapor with a specified initial
density. Some important assumptions regard the absence of
motion along the Y-axis as the fact that the beam energy is
deposited and absorbed according to the range of ions. The
plasma disruption is then numerically “interpreted” as a
beam of energy with specified characteristics as the shape,
flux, and maximum intensity. In particular HEIGHTS-PIC
supports so far three fundamental beam shapes as the uni-
form one, the Gaussian one and the exponential one with
peak close to the striking point on the divertor.

One of the boundaries (the target plate) has a dynamical
evolution and allows for the introduction of new generated
sample particles as the material melts and vaporizes. A
fixed grid is used for the Eulerian frame while an adapted
one is used in to the Lagrangian phase. The nonlinear con-
vection term associated with the Eulerian formulation does
not appear when transitional effects are not considered and
when the density is frozen at this stage. The motion of the
system is analyzed into the Lagrangian step and final phase
leaving the interior state unchanged. The sample particles
or “super particles” are considered one-dimensional allowing
them to be stacked along the Y-axis and in layers along the
X-axis but having no dimension in this direction (Fig. 4).
The disruption modeling includes the interaction with the
plate solid target, vaporized gas, and divertor plasma in mag-
netic field configuration. No map is used to transfer the prop-
erties from particles to the original grid as the conditions
established by the ensemble of particles in a cell are evalu-
ated producing the same effect inside the cell itself. In
order to start the hydrodynamic computational part, a neutral
vapor (loaded with some sample particles) is supposed to be
close to the target at the time the energy impact starts. The
evolving characteristics of the particles inside the cells are as-
sumed homogeneous throughout the cells.

Diffusion due to the presence of the B field is also con-
sidered and incorporated into the particle motion with possi-
bility to set different starting diffusion coefficients.

Several blocks constitute the HEIGHTS-PIC package in-
cluding heat conduction, divertor surface vaporization and
particle generation, plasma material interaction and MHD
models. The MHD block (Eulerian and Lagrangian part) in-
tegrates the plasma hydrodynamic evolution, magnetic diffu-
sion, heat conduction, and radiation transport.
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Starting from the continuity equations of mass, momen-
tum and energy coupled with the equation of state and the
definition of internal energy, three steps can be identified.
The first one (Eulerian step) considerers the variation of
the internal state of a subsystem (N particles) followed by
the analysis of the motion of the subsystem leaving the
internal state unchanged (Lagrangian and final step). Let’s
now examine one by one the single steps.

In the Eulerian step, considering the rectangular compu-
tational domain above described, only quantities of the cells
as whole are changed. The plasma-vapor fluid is assumed
to be constraint, translational effects dropped from the
equations (convective terms as div(pV) or div(pEV) equal
to zero) so that density can be considered “frozen” and
taken out from the differentiation reducing the equations to:

Vx (OP_,

P or Tox

v, oP

Wy ok _, 7
P 2y (37)

OE _
=L div PV =
p a +div(PV) =0

Using centered finite difference approximation with central
difference the expressions can be written as follows assuming
the velocity components along X-axis as u# and Y-axis as v;
i, v, E are intermediate values obtained assuming that the
density p is “frozen” or unchanged along the time 7 + Ar.
Even if the Eulerian scheme in such way may result in
some numerical instability, the entire scheme with the Lagran-
gian and final step is stable. Of critical importance will be the
choice of the time step chosen well below the classical Cour-
ant condition (Courant ef al., 1928).

_ Pl —Plip; .ﬁ

i 7
o = P =P A
iy ij Ay pZ/
P i _pr i A (38)
B _ | Dty i—1/2j%i-124 | Af
ij — g Ax n
Piy
_ |:P?,/'+1/2‘7?J+1/2 - Plr'l,jfl/Zﬁijl/Z] g
Ay Pl

Quantities with fractional subscripts are related to cell bound-
aries using the following formulation:

oo My Ul
Uir12j = -2 39
o PPy

i1/2) = 5

For each step, particles in the cells are stacked following the
original set up division decided at the beginning. In the
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simulations here presented, each cell is subdivided along
Y-axis in five divisions and in each of those internal subdivi-
sions, particles are stacked as needed. No real dimension is
considered along the X-axis. The cells can be then considered
layered even though particles do not respect any physical ef-
fective dimension and do not produce local violation of con-
servation laws. The values of the “layers” along the X
direction change per each cell of the mesh dynamically
along time and due to for motion, forces and the eventual
new production of new particles. Whenever the mass of
vapor exceeds a pre-established value, a new super particle
is produced. This pre-established value of mass can be chan-
ged defining the results more accurately according to how
much mass a single super particle represents. Also the
system is “constantly fed” through the melting and evaporat-
ing boundary at the target plate while particles reaching the
left or right side of the computational domain might be
“lost” by the system. Also, in the computational solution,
for the upper boundary, only cells effectively “filled” in
with particles are calculated speeding up the calculation.

In the Lagrangian step once particles have been eventually
produced and allocated into the closest cells according to
their birth origin, they are ordered according to the particle
mover. The position of the vapor front along X-axis and
Y-axis and for each cell is compared with the original mesh
and this provides the new position of the particles in the
cells. Eventually, if the front did not move outside the cell
borders, the number of particles in the cells is increased. At
this point, the new momentum fluxes are calculated as well
as the new energies associated with the single particles.
Also the new values of density and magnetic forces are eval-
uated at this stage.

The conservation into the difference scheme is guaranteed
by the equation of total energy. At the final step in fact den-
sity is recalculated decreasing the computational fluctuations
and improving accuracy. All together the steps resemble well
the classical subdivision proposed by Harlow though treating
plasma as a fluid. The boundary conditions are introduced
via fictitious cells outside the effective computational and
physical domain. At least one layer of cells is used in our
simulations.

4. SIMULATION RESULTS & BENCHMARKING

The PIC model of the off normal event effect on the divertor/
target plate using a MK200-like geometry and ITER-like
geometry confirmed similar analysis about the erosion
depth, profile, and plasma behavior (Arkhipov et al., 1994;
1996a; 1996b; Hassanein et al., 2009; Sizyuk & Hassanein,
2010).

In evaluating the conditions present in the MK-200 UG fa-
cility, particular attention has been given to interpret numeri-
cally both the beam shape and its working characteristics
along time. Several evolutions of the beam along time have
been tested and here a 10 ps linear rise is presented. Not
really significant differences have been found with both the
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Evolution of the BEAM POWER FLUX in the MK 200 Experiments
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Fig. 6. (Color online) Evolution along time of the Gaussian beam approxi-
mating the plasma energy deposition (GRID 12 x 30).

step rise (similar to a step function) and the linear rise to full
power of the beam in 5 ps. It is assumed for the simulations
run with HEIGHTS-PIC that the beam has a Gaussian shape
power density profile with full width half maximum of
7.0 cm similar to the one proposed in Wurz et al. (2001).
The peak of the power density is equal to 35 MW /cm? and
the total working time for the plasma gun is set at 50 us as
in the facility in Troisk (Arkhipov et al, 1994; 1996a;
1996b). The time evolution of the beam used in the calcu-
lations to represent the incoming hot plasma is shown in
Figure 6 while the mock-up geometry is shown in Figure 7.

The peak power density is reached after 10 us for the linear
rise and immediately for the step rise remaining constant for
the next 35 us. The last part of the time evolution has an
exponential decay until the end of the simulation. In the
simulations results here reported, the beam is considered per-
pendicular to the target as well as the magnetic field having
an intensity of 2 T (Safronov et al., 2009).

The total energy provided in such a way is roughly 52 kJ
which is close to the one provided by the real machine for
such conditions. In our simulations, the target is assumed
to be at an initial temperature of 0.36 eV in order to speed
up the calculation. The neutral vapor close to the target is

TARGET PLATE

£ i Perpendicular INCOMING POWER FLUX

- (MK200 cxporiments and LASER cxperimoents)

Fig. 7. (Color online) Basic geometrical scheme used in HEIGHTS-PIC
benchmarking with MK200 experiments.

https://doi.org/10.1017/5026303461400007X Published online by Cambridge University Press

227

instead assumed to have a low initial density (i.e., 10'4/
cm’). The initial diffusion coefficient is taken to equal to
D, = 15m?/s (Wurz et al., 2001). The target plane has a
measure of 10 by 10 cm while the perpendicular projected
plane where the evolution of plasma vapor cloud will be fol-
lowed is 10 cm (as the target) by 15 cm.

Several simulations have been run using both different
initial sample particle loadings and computational mesh.
Being the solution of the radiation transport equation the
longest in terms of computational time (93 to 95% of the
total time), it is important to establish in function of
the aimed accuracy of the result, the trade-off point between
number of sample particles initially loaded and coarseness of
the computational mesh used.

The interplay of the three very complex phenomena
(impact of plasma on the surface with formation of a vapor
cloud, radiation from the vapor cloud, and heat conduction
into the divertor plate) exerts different roles according to
the impact duration of disruption or off-normal event. The
prediction of the final erosion onto the target plate as well
as the amount of material (carbon in this case) released
into the Tokamak and able to reach eventually the bulk
plasma is very important.

Figure 8 shows the final plate surface erosion profile ob-
tained with the above mentioned data. The maximum erosion
is in the same order of magnitude of the one experimentally
determined with the MK200 experiments (= 0.1 um over 15
shots) (Arkhipov et al., 1994; 1996a; 1996b). The crater
looks approximately symmetrical as expected. Examining
Figure 9, it is evident that initially most of the energy is
spent in heating up and vaporizing the material. The erosion
reaches quickly a plateau point, where then most of the vapor
acts as a screen with respect to the target plate. As more
energy is damped, more ionization takes place leading to a
slow linear increase of the erosion itself due to the expansion
of the plasma vapor cloud. The ionized particles in fact start
moving along the magnetic field lines. This result is obtained
using 180 cells (6 x 30 computational grid) where each cells
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Fig. 8. (Color online) Plate erosion profile after full disruption impact of
50 us duration in MK200-like conditions (GRID 6 x 30).
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Fig. 9. (Color online) Plate erosion rate at plate center after full disruption
impact in MK200-like conditions.

measures 1.67 cm X 0.5 cm and initial particle loading is of
155 particles per cell. The time step used is equal to 1 ps
and it is critical in order to obtain an accurate result. A
much higher result is in fact obtained using a similar initial
particle loading of N = 180 using a more refined compu-
tational grid (12 x 30) but using a bigger time step (10 ps)
as shown in Figure 10. The erosion final value is about
1.1 um which is about 11 times the experimental one and
much bigger than the one found in the previous simulation.
At this stage the accuracy and numerical stability of the sol-
ution is highly influenced by dr and less by the computational
mesh or the number of particles initially loaded (Fig. 10).
In order to improve accuracy, then three main ways must be
pursued. The first one as seen is to reduce the time step be-
tween calculations and anyway much below the time step pro-
vided by the simple Courant condition up to a point in which
results are almost the same. This has been done for
MK200-like simulations and it has shown that for &t = 10’
us and & = 108 us differences with respect to &t = 107 ps
are roughly around three percent. Besides, a large part of the
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Fig. 10. (Color online) Plate erosion rate at plate center after full disruption
impact in MK200-like conditions for different time step, grids and number of
initial particle loaded.
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Pressure evolution at TARGET PLATES MK200-like

Different Particle Loadings & Different GRIDS
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Fig. 11. (Color online) Plate erosion rate at plate center after full disruption
impact in MK200-like conditions for different time step, grids and number of
initial particle loaded (10 ps rise).

error depends on numerical instability which translates in non-
physical events for too large time steps as shown in Figure 11.
In this case, the pressure of the plasma — vapor cloud in front
of the plate is calculated showing significant differences which
are not related to smooth expansion of the plasma gas once the
cooling phase starts. This provokes large differences in the cal-
culation of the pressure which is very important because the
variation of the pressure in front of the target is related directly
to the variation of the erosion of the plate through the formu-
lation (Hassanein et al., 1981; 1982):

Fnet = FIMXOUT — FZMXIN

TrLux

with Fluxoyr = cyap ® 10( Tsurrace

L2V, TSurfuce (40)

Trrux
Teoerr — logo(P))

+ TCOEFF)

Tsarur = (

and Fluxyy = cyap ® P/v/Tsatur

The second method, within the acceptable range for 6, is
to increase the number of particle initially loaded. In this
way, the “representativeness” of the solutions found becomes
more and more significant producing accurate results and can
be found in other publications. The third way here examined
is to verify how much an increase of the computational re-
finements mesh would add to the precision of the solutions.
In these conditions, simulations have been run changing the
radiation transport grid: 6 X 30, 12 x 30, and 18 x 30 cells
have been tested producing the differences evident in
Figure 12. So while the increase in computational mesh re-
fines better the general shape of the crater (global error
goes from 1073 to 10_5%), in terms of maximum erosion


https://doi.org/10.1017/S026303461400007X

Predicting materials behavior during high power deposition
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Fig. 12. (Color online) Calculated geometrical erosion evolutions along the
plate in MK200-like conditions simulations using HEIGHTS-PIC (with &¢ =
107 ps and 6 x 30, 12 x 30, 18 x 30 grids).

differences are relatively small with respect to the much more
coarse grid (i.e., 6x30), not really justifying its use,
especially when compared to the computational time. The
machine time in fact on Purdue CMUXE computational
server assembled with Quad sockets AMD Opteron(TM)
6274 Interlagos 2.2 GHz having 16 cores for a total of 64
cores CPU total, has grown about nine times providing
only a difference in the final erosion result of less than five
percent. This results is well evident in Figure 13, allow for
important considerations on the initial choices for the
simulations.

In order to have more benchmarking comparisons,
HEIGHTS-PIC has also been compared with the original
HEIGHTS package for ELM conditions in Tokamaks
(Sizyuk & Hassanein, 2010). Using ITER-like geometry,
the evolution of an ELM event has been simulated for
100 us. In particular, using the “ITER-FEAT Outline
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Fig. 13. (Color online) Calculated computational time in MK200-like con-
ditions simulations using HEIGHTS-PIC on the CMUXE Server (Compari-
sons 6 x 30, 12 x 30, and 18 x 30).
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Design Report” (Aymar, 1001) as basic geometry for our
simulations, carbon material divertor was assumed as target
plate. The magnetic field intensity used is 5 T and the incli-
nation of the field with respect to the target plate is 5°. The
ELM impinging plasma has been simulated assuming an
exponential beam shape with the maximum power density
profile at the strike point. For the total duration, 12.6 MJ of
energy (roughly 10% of the total pedestal energy) are sup-
posed to reach the target plate (Harlow, 1963). The e-fold
length of the power profile above the plate is in such con-
ditions of 6.7 cm. At the strike point the power density pro-
file peaks at 4.6 MW /cm? with a minimum at the e-fold
length of 1.692 MW /cm?. The ITER major radius is of
6.5 m while the assumed initial plasma temperature is of
Ey=3.5keV (Sizyuk & Hassanein, 2010; Aymar, 2001).
The computational domain taken into account extends then
for 6.7 cm along the target plate and for 15 cm perpendicular
to it: 300 cells are used in the following ELM simulation
making the cell dimensions of 0.67 cm for 0.5 cm. No poloi-
dal magnetic field is assumed in HEIGHTS-PIC simulations.

Erosion of the divertor plate is highly influenced by the
beam intensity, duration, and geometrical distribution
above the target. Recent studies have pointed out that the
plasma energy flux reaching the target plate through the
scrape off layer has a non-symmetrical shape similar to an
exponential decay.

The maximum erosion is then expected to be close to the
strike point where the highest power flux is concentrated
(Fig. 14). The time considered for a typical ELM event
(100 ps) is too small to allow significant heat transfer through
the material, so that most of the energy released is spent for
the carbon erosion and its hydrodynamics movement in the
plasma-vapor cloud above the surface. The profile at the
end of the simulation performed with 95 sample particles
(initial loading) and a grid of 10 cells along the target and
30 cells perpendicular to it, shows a maximum erosion
value close to 0.06 um close to the strike point as shown in
Figure 13. As expected erosion is much less where the
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Fig. 14. (Color online) HEIGHTS-PIC calculated divertor erosion in carbon
plasma during an ELM in ITER-like conditions (GRID 10 x 30).
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Fig. 15. (Color online) HEIGHTS-PIC calculated erosion rate in carbon
plasma during an ELM in ITER-like conditions (GRID 10 x 30).

beam power deposition is less close to the end of examined
plate length of 6.7 cm.

The maximum erosion value calculated by HEIGHTS-PIC
is of the same order of magnitude to the one predicted by
HEIGHTS (.e., 0.18 um (Sizyuk & Hassanein, 2010) but
the footprint seems to be wider while the area covered by
the profile itself seems to be a bit wider probably due to
more energy reaching effectively the surface. During the
impact duration of 0.1 ms, the impinging plasma initiates a
strong surface vaporization. Most of the initial impact
energy is spent in further eroding the carbon-based material
close to the strike point. As vapor starts forming and becomes
more dense the deceleration of the plasma particles interact-
ing with the vapor, reduces the effective energy reaching the
divertor (Fig. 15). The net erosion rate is then reduced with
slight broadening effect toward the rest of the plate. As the
vapor shields becomes more efficient in the screening
effect, the broadening will become wider and wider since
most of the energy directly impinging the plate mainly
comes from the photons radiation and transport through
less dense areas. Comparing in fact the integrated energy
fluxes (Fig. 16), HEIGHTS-PIC shows a much higher radi-
ation to the ground reaching the plate when compared to
HEIGHTS (Sizyuk & Hassanein, 2010). At the same time
the effective impacting integrated energy flux is of the
same magnitude (at the peak 50 J/cm? versus 80 J/cm?).

TARGET INTEGRATED Energy Fluxes after ELMATER-like
Initial Particle Loading N=95 GRID=10x30

400 e
TOTAL INCIDEMT Energy
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8 IMPACT Energy Flux
= 300r \ _
o
L 250 .
=
o 200 T
o
= 150 .
1Y)
o 100 i

o ; 2I 3 4
TARGET plate [cm]

Fig. 16. (Color online) HEIGHTS-PIC calculated integrated energy fluxes
in carbon plasma during an ELM in ITER-like conditions (GRID 10 x 30).
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Fig. 17. (Color online) HEIGHTS-PIC calculated density of the carbon
plasma during an ELM in ITER-like conditions (GRID 10 x 30) at 1 ps.

It is important to recall that in HEIGHTS-PIC simulations
while the carbon vapor in front is well interpreted providing a
close to target high dense and cool plasma (Hassanein &
Konkashbaev, 2003; Wurz et al., 2001; Safronov et al.,
2009; Pestchanyi et al., 2004; Arkhipov et al., 1999;
2002), it is though unable to provide information about the
plasma corona which considerably extends from the target
(several cm), showing much higher temperatures and low
densities and essentially formed by DT ions, electrons, and
neutral particles. This is particularly evident when looking
at the evolution of the carbon plasma vapor cloud close to
the target. At the beginning (Fig. 17), as carbon plasma
starts forming, it is mostly concentrated where the beam in-
tensity is high (close to the striking point).

As time progresses, other particles start being produced
along the plate and the profile of the plasma density enlarges
(Fig. 18): as time keeps progressing (Figs. 19 and 20), the
carbon plasma vapor cloud tends to expand in both the X
and Y directions. At the end of the simulation the carbon
plasma/vapor front has reached about 3 cm from the plate
while the cloud is relatively stationary over the divertor
plate (Fig. 21). This distance is close to the evaluation pro-
vided for carbon vapor cloud (Hassanein & Konkashbaev,
2003).

In the end, looking at the erosion profiles produced with
longer ELMs (500 ps), we can see that similarities exist
with the original HEIGHTS (Sizyuk & Hassanein, 2010).
For longer ELM pulses (i.e., = 500 us) the peak of the

Density of the plasma-vapor cloud at 25.0 ps in (7672 #/em?)
4
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Di

: a 5
Length [cm] along the DIVERTOR PLATE

S

Fig. 18. (Color online) HEIGHTS-PIC calculated density of the carbon
plasma during an ELM in ITER-like conditions (GRID 10 x 30) at 25 us.
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Fig. 19. (Color online) HEIGHTS-PIC calculated density of the carbon
plasma during an ELM in ITER-like conditions (GRID 10 x 30) at 50 us.
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Fig. 20. (Color online) HEIGHTS-PIC calculated density of the carbon
plasma during an ELM in ITER-like conditions (GRID 10 x 30) at 75 us.
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Fig. 21. (Color online) HEIGHTS-PIC calculated density of the carbon
plasma during an ELM in ITER-like conditions (GRID 10 x 30) at 100 ps.

power flux close to the striking point reaches 0.92 MW /cm?.
As expected, the maximum final erosion depth for the longer
pulse is larger when compared to the shorter ELM (Fig. 22).
Though for the areas of the target plate further from the strik-
ing point erosion is consistently less due to much less power
flux effectively reaching the plate (Fig. 23). It is interesting to
note also that the shift in position of the maximum depth is
absent in HEIGHTS-PIC simulation because no poloidal
field is present in the actual model and the diffusion across
the magnetic field is not so pronounced to provoke erosion
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Erosion profile evolution after ELM at 100us
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Fig. 22. (Color online) HEIGHTS-PIC calculated erosion for different ELM
pulses.

Maximum Erosion evolution at TARGET PLATE for ELM/ ITER:-like
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Fig. 23. (Color online) HEIGHTS-PIC calculated erosion evolution for
different ELM pulses.

where the plate is not directly reached by the impinging
beam. The trend compared with HEIGHTS is in good agree-
ment in shape, magnitude and time evolution.

5. CONCLUSIONS

ELMs and disruptions represent a serious problem for PFC
during normal and abnormal operations in Tokamak devices.
To evaluate the characteristics of this problem, a PIC method
has been developed. The models in HEIGHTS-PIC provide
through a novel use of the PIC technique a detailed picture
of the plasma-vapor interaction and evolution during ELM
events. Detailed plasma energy deposition model, thermal
conduction, melting, evaporation and vapor expansion are in-
cluded. The interaction of plasma with expanding vapor is
examined for plasma energy transient deposition up to
0.1 ms. HEIGHTS-PIC was benchmarked against several
other models in the well benchmarked Eulerian and Lagran-
gian original HEIGHTS package as well as experimental data
provided by the plasma gun facility MK200 in Russia. It is
shown a good agreement in the simulation of the plasma be-
havior during ELMs events and the overall divertor erosion
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profiles. Future work will extend the existing models improv-
ing the radiation transport part with the use of Monte-Carlo
methods and parallelizing the structure of the code. The flexi-
bility of PIC methods will be used in adapting complicated
divertor/wall structures as well as nearby components to
assess in detail the damage to these components as well.
Additionally, more analysis for various ELMs and disrup-
tions conditions will be analyzed and studied.
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