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Abstract
Describing the time evolution of Plasma Facing Materials (PFMs), through quantitative
evaluations of erosion, roughness, and physical properties degradation, is one of the difficult
challenges to reach the goal of efficient energy production by nuclear fusion. To follow all the
aging-connected physical and chemical phenomena through their characteristic dimensional
scale, and to estimate the PFM microstructural transformation over time, we propose a
predictive sequential multiscale methodology, consisting of two database-provided coupled
codes. The first is a time-dependent, volume-averaged, plasma simulator which describes
completely this system in terms of thermodynamics, composition and evaluation of the sheath
potential. Plasma solutions are geometrically rearranged by adding surface reactions and 3D
geometric features. To increase sensitivity, plasma information is provided to the second code as
an initial condition. Such a code is a 3D kinetic Monte Carlo in-cell algorithm for the nano-scale
erosion simulation describing the PFM interactions through an extendable set of physical
phenomena, such as sticking, sputtering, ion enhanced removals and ion penetration. In this
paper, we perform simulations for the case of study of Hydrogen (H) plasmas produced in linear
devices, reaching the quasi-atomic detail of the plasma induced material modification of
tungsten (W) as PFM.

Keywords: Plasma Facing Materials, nuclear fusion, multiscale, simulations, nuclear materials,
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Abbreviations and acronyms

He Helium
H Hydrogen
PFMs Plasma Facing Materials
KMC Kinetic Monte Carlo
W Tungsten

1. Introduction

Increasing energy production, while reducing pollutants emis-
sions, is one of the main aims behind the design of nuclear
fusion reactors [1–4]. To guarantee the feasibility of this pro-
ject, optimization of technological applications and develop-
ment of new techniques are required along with various under-
way studies [5–7]. If we consider, for instance, the maintain-
ability of the Deuterium-Tritium (D-T) reaction, even though
progress in magnetic confinement has been made, further
knowledge of dust and powder plasma contamination, plasma
facing interaction, and wall aging phenomenology are needed
or still under research [8–10]. Among them, our effort is con-
centrated on the description of plasma-wall interactions and
on the consequent material evolution. In fact, different kinds
of particles (in terms of mass and electric charge), depend-
ing on the plasma stoichiometry, escape from the magnetic
confinement and release their energy against the reactor walls.
This may happen through many physical and chemical inter-
actions and, based on their impact energy and mutual com-
position, both ionic and neutral particles can interact differ-
ently on the surface or penetrate the bulk inducing a different
phenomenology [11, 12]. The accumulation of wall defects
is produced both by 14.06 MeV primary neutrons and by
electromagnetic plasma secondary particles accelerated by the
sheath potential. This can invalidate the characteristics of the
entire material due to changes in its microstructure [13], and
impair tritium breeding, necessary for the combustion agent
re-circulation [14]. In our computational research we differen-
tiate the contribution of these particles originated in a fusion
plasma environment and follow them through their interac-
tionswith thematerial. The aim is the prediction of the plasma-
induced Plasma Facing Material (PFM) aging, which consists
in the deterioration of materials that are in direct contact with
the plasma. Considering their formation processes, the correct
energy distribution can be derived per each particle, and con-
sequently the phenomena that they can induce on the material.
We underline that the correlation between the plasma condi-
tions and the surface reactions is fundamental to describe the
evolution of the latter as a result of the combination of various
phenomena on many energy scales.

For this reason, we employ the concept of multiscale phys-
ics, which has been already indicated as necessary by other
authors for descriptive purposes (for instanceMarian provided
a complete review on tungsten (W) as PFM [15]) implement-
ing it in a computational modeling framework by extend-
ing the set of phenomena that have been studied by means

of simplified effective models (see e.g. Nordlund who per-
formed a multiscale study for tokamak applications [16]).
A multiscale approach is, in fact, necessary to evaluate pro-
cesses which are distributed over a large set of characteristic
distances, times and energies and is well suited to describe
erosion processes. To practically realize our purpose, we there-
fore introduce a sequential multiscale computational method
(which is designed to be released upon reasonable request as
open-source) able to simulate the fusion plasma PFMs aging
through the analysis of the evolution of the physical properties
of such materials. We will divide our simulations among dif-
ferent codes, each one is specialized for a typical length spec-
trum. Precisely, this aging code will be split into the following
sub-codes:

• An input code, constituted by a 0D volume-averaged plasma
simulator that provides us information about the plasma
characterization;

• AMonte Carlo (MC) simulator that takes into account, at the
atomic resolution, nano-structural phenomena (accounting
for instance sputtering, impingement, bulk penetration, and
sticking).

We decided to perform plasma simulations referring to a
plasma source with linear geometry, which could allow a
feasible and faster experimental validation, before expand-
ing the method to more complex configurations and aging
prediction in the reactor like environment. Indeed, to meas-
ure the erosion effects on refractory materials, linear devices
became very common and different facilities have been built,
spanning the line in terms of features and purposes. Among
them, we recall: MAGNUM-PSI [17], PSIEC [18], PMECR
II [19] and GyM [20]. Studies of plasma-wall interactions
on linear plasma devices are also being carried out by the
EUROfusion consortium [21]. The literature provides us with
several plasma characterization codes, i.e. codes that allow us
to evaluate the thermodynamic parameters of the system (such
as temperature and concentration). Examples in full 3D geo-
metry include SOLPS-ITER and SOLEDGE. SOLPS-ITER
is a plasma boundary code package combining a 2D multi-
fluid plasma transport code [22]. SOLEDGE2D is a transport
code that can be used for plasma-wall interactions simulations
[23, 24]. Both codes arise from the previous EIRENE, a 3D
Kinetic Monte Carlo (3D-KMC) for neutral transport, and
B2, an edge plasma fluid code [25]. To simplify the com-
putational approach, some zero-dimensional volume-averaged
models have been also considered, which is especially recom-
mended in case of linear devices. We can mention the paper
by Tonello et al about a 0D volume-averaged approach mod-
eling the GyM machine. In this work the authors underline
the advantages of using 0D models compared to full 3D cor-
respondents, such as SOLPS, in case of linear facilities [20].
While Tonello’s work focused on Helium (He), the paper writ-
ten by Samuell and Corr [26] studied hydrogen plasmas taking
into account even the H2 molecular states.
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It should also be underlined that the study of plasmas
in conditions similar to those generated in linear acceler-
ators is a very popular topic in the microelectronics com-
munity. For instance, Lieberman and Lichtenberg are main-
stays of the literature in such a sector [27] in which several
examples of 0D plasma can bementioned [28–30].We decided
to build up our plasma input code within this framework.
It is a zero-dimensional volume-averaged database-provided
plasma simulator that automatically writes and solves a set of
coupled ODEs representing the thermodynamic plasma state
in terms of stoichiometric concentrations, temperature, and
sheath potential. In the present paper, it has been optimized to
describe a hydrogen plasma with an initialization of molecular
hydrogen gas flow.

The knowledge of the coupling between plasma and PFMs
is fundamental both in fusion confinement environments and
in the production of microelectronic devices through plasma
etching. In the latter case, KMC models have already been
coupled to plasma input codes to rise the sensitivity of the
output [31, 32]. As regards erosion, within the scope of nuclear
fusion applications, many codes are already present in the lit-
erature: for instance ERO orWallDYN. Particularly Ero [33] is
a 3D MC sputtering and re-deposition code employed in both
tokamak and linear geometries [34, 35], andWallDYN [36, 37]
is an integrated model of impurity migration and wall dynam-
ics based on the DIVIMP algorithm [38]. It is able to evaluate
the global impurity transport and the re-deposition processes
in plasma-wall interactions.

These models consider a larger scale with respect to the
atomic scale physics promoting the plasma-wall interaction.
To describe the nanoscale behavior of in-cell plasma-wall pro-
cesses, we set up a 3D-KMC code based on a dataset of spe-
cies, that uploads the plasma input conditions from the plasma
simulator. It is necessary to specify the physical interactions
through matrices called by the executable when needed. Such
interaction matrices can be inserted in databases making the
code easily extendable to add other reactions or calibrate them
independently to achieve higher accuracy. Many examples
are present in the literature, but they can hardly reach the
atomic sensitivity with the cell elimination procedure [39].
With respect to previous 2D models [31], the 3D feature is
a remarkable property. It is fundamental to validate the geo-
metric erosion models and enhance the interplay between
multiscale codes and real facilities. This kind of approach,
in the case of semiconductor plasma etching modeling, has
already proved to achieve the proper sensitivity [32].

In any case, in simulating the evolution of material
defects, there are many MC codes that can be used in many
fields of materials science by applying the necessary adapta-
tions. Examples could be SPPARK and MulSKIPS [40, 41]
which have never been applied to a nuclear fusion envir-
onment since the sequence of evolutionary events is differ-
ent (see e.g. [42]). We notice that the tools described in this
paper can be in principle integrated with other simulation
environments especially to exploits commonalities related to
input-output modes.

The presentation of this research is divided into a chapter
concerning the physical and computational modeling, which
considers both the plasma and the KMC codes since the sep-
aratemodels will be firstly presented and then connected, and a
chapter reserved for simulations and their discussion. To facil-
itate the understanding of the sequential coupling approach, a
schematic is provided (see appendix figure 10).

2. Model description

The atomic description of the processes that affect the aging
caused by plasmas, thus the direct evaluation of erosion rate,
penetration length and roughness, can be properly simulated
by a KMC if its initialization derives from a plasma model.
Thus, a plasma simulator can be coupled to a plasma-wall
interaction code to increase the input sensitivity of the latter
(see figurative image figure 1).

This pairing process is indeed based on the following
assumption: a plasma code can be programmed to provide,
depending on the initial conditions, the plasma characteriz-
ation which consists in a description of its physical state
through quantitative parameters (such as composition, Debye
length, plasma parameter, plasma frequency and thermal
speed)which depend on the state variables and on the degree of
ionization. The plasma simulations can thus provide to a KMC
code a more precise stoichiometric composition and energetic
distribution of the particles which could be expressed in terms
of their speed and angular direction if the plasma simulator
admits geometric features. Therefore, we coupled our KMC
atomic description to the 0D plasma simulator, in order to
obtain a tool adaptable easily and with a great precision to
various stoichiometries and geometries. Moreover, this setting
provides a description which desire to be compliant with the
experiments. In fact, our code can reproduce the environment
of a generic plasma-wall test facility evaluating the paramet-
ers that can be set or measured in its typical work condition.
This favors the process of benchmarking and mutual calibra-
tion with experiments, which becomes even more favorable in
the case of open-source codes.

2.1. Plasma model

Here we present a versatile code characterizing the state of
the plasma over time. As already stated, for the purposes of
this paper, it has been optimized for linear reactors imply-
ing the choice of a cylindrical symmetry for the chamber. It
is based on a volume-averaged point model integrated with an
adaptive geometry surface model which are built together with
the set of bulk reactions. This approximation assumes that the
particles react with no space-dependent terms and the physical
quantities are averaged over the whole real volume taking into
account surface corrections. Such a procedure greatly simpli-
fies the transport equations bringing the physics to depend on
the balance of a modifiable set of reactions inserted through
databases.
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Figure 1. Figurative image of the sequential multiscale order. Panel (a): when particles from a plasma encounter a wall, many phenomena
that trigger the aging of the wall occur simultaneously, including different scales of space and time. To simulate this process (panel (b), a 0D
linear cylindrical plasma chamber (radius R and length L simulator, sequentially coupled with a MC tool, is used.

By model assumption, i.e. linear device, an external pump-
ing drives gases through a cylindrical void chamber of radius
R and length L. The plasma is activated by an external source
and, due to the net pumping Q, flows uniformly in the cham-
ber, except for local deviations near the walls. Moreover the
distribution of electron energies is assumed to be Maxwellian.

For a complete plasma description, a set of transport
equations conserving particle fluxes is imposed, coupled with
the equation for energy conservation and with the plasma con-
dition (known as ‘global neutrality’).

The equation set is automatically built reading the data-
base that contains the main information for all the reactions.
Thesemodels can accept different kinds of species, just adding
the mutual set of reactions, and can remain stable for a wide
scale in pressure and external power as verified by Lee and
Lieberman [43]. The set of equations becomes the following:

dnα
dt

=
Q
V
+
∑
j

(
R(α)
Generation,j−R(α)

Loss,j

)
; (1)

d(3/2eneTe)
dt

=
P
V
− e

∑
α

ϵ(α)c k(α)iz nen
(α)

− e
∑
j,Sur

kwall,jϵwall,jnj; (2)

with the constraint:

n+ = n− + ne, (3)

where n+ is the total density of positive ions (
∑
npositive ion),

n− is the corresponding for negative ones and ne is the elec-
tronic density.

The first equation (1) describes the abundance, in terms of
concentration n, of the α species over time. It is the result of
the incoming flow and the balance of all the reactions in which
this species is generated and lost. The reaction rate R in the j
process, can be evaluated as:

Rj = kj
∏
l

nj,l, (4)

where kj is the associated reaction constant tabled below (for
both volume and surface reactions, see Coefficients in tables 1
and 2) and l is the reactant index for each j process.

The second equation (2) represents the energy balance.
In fact, the electronic energy density 3/2eneTe (where e is
the electric charge and Te the electron temperature in eV
units) changes in time due to the effect of three terms: the
external power density (the external power P divided by the
chamber volume V), the power acquired by volume pro-
cesses, and the power required for surface reactions. These
last two terms consist of sums over the energy density expres-
sions but only in presence of electrons since only those
in which electrons react can directly modify the electronic
energy density.

In both terms, the sums cycle over reactions and particles.
However, in the volumetric term, the summation over the pro-
cesses is inherent in the definition of ϵ, and in the case of
surface reactions, the interactions involving electrons occur
only as binary events between the electron of the wall and
each particle. In particular, ϵαc is the energy lost by the particle
α due to electron-impact collisions in volume and is called
‘collisional energy’:
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Table 1. List by name, equation, rate coefficient and energy threshold of supposed volume reactions for hydrogen plasma. The reaction
coefficients depend on electron temperature Te or on the gas temperature Tg (which is the same for ions and neutrals in this version of the
code) expressed in eV.

Hydrogen reactions in plasma (volume)

Name Reaction Coefficients (cm3 s−1) Threshold (eV)

R1 H2 + e− → H+
2 + e− + e− 1.10× 10−8T0.42

e e−16.05/Te 15.43
R2 H2 + e− → H+H+ e− 4.73× 10−8T−0.23

e e−10.09/Te 4.368
R3 H2 + e− → H+H− 2.05× 10−11T−1.04

e e−9.04/Te 3.750
R4 H2 + e− → H+H+ e− 7.89× 10−9T0.41

e e−14.23/Tev 13.70
R5 H+H+

2 → H2 +H+ 6.40× 10−10 1.000
R6 H+

2 + e− → H+H+ + e− 1.88× 10−7T−0.39
e e−28.82/Te 0.020

R7 H+
3 + e− → H+

2 +H− 1.93× 10−10T−1.07
e e−2.70/Te+ 0.007

+2.59× 10−9T−1.27
e e−6.45/(Te+0.10)

R8 H2 +H+
2 → H+H+

3 2.00× 10−9 0.000
R9 H+ +H− → H+H 1.28× 10−7

√
300/Tg 0.700

R10 H+
2 +H− → H+H+H 8.29× 10−7

√
300/Tg 0.000

R11 H+
3 +H− → H+H+H+H 8.29× 10−7

√
300/Tg 0.000

R12 H− + e− → H+ e− + e− 1.24× 10−6T0.03
e e−10.44/Te 10.00

R13 e− +H+
3 → H+H+H+ + e− 1.00× 10−7T0.37

e e−14.46/Te 15.00
R14 H+

2 + e− → H+H 2.35× 10−8T0.40
e 0.010

R15 H2 +H+ → H+
3 1.63× 10−15 0.000

R16 H+
3 + e− → H+H+H 2.19× 10−9T0.80

e 0.025
R17 H+

3 + e− → H+H2 7.30× 10−10T0.80
e 0.025

ϵαc =
∑
Process

(
ϵαProcess

kαProcess
kαiz

)
. (5)

The mentioned processes in this summation will be discussed
in subsections ‘Volume reactions’ 2.1.1 and ‘Surface reac-
tions’ 2.1.2. The term ϵwall is the exchanged energy dur-
ing an ion recombination. Finally, the last equation (3),
i.e. the global neutrality constraint that is expected to be
the plasma definition, acts as charge conservation law inside
the code.

After having established the set of equations, we simu-
lated the time evolution in the plasma with a Runge-Kutta
algorithm from which we extracted the stationary solution.
This choice is justified whenever the plasma reaches equilib-
rium before the changes it induces on the surface. However,
we notice that, in a future extension, it is also possible
to use the time dependent solution in a full coupled time
dependent approach.

Once the plasma state has been calculated, it is possible
to evaluate the energy distribution of the particles that will
hit the walls. In the absence of induced electric or magnetic
fields, the ions are in any case accelerated against the walls
of the chamber, due to the sheath potential. Details for the
calculation of this potential are given below in the subsection
‘Sheath potential’ 2.1.3.

2.1.1. Volume reactions. In linear plasma devices, used in
material testing for fusion applications, the electronic tem-
perature remains usually on the order of a few eV, inducing
phenomena between free electrons and atoms, or between

free electrons and molecules (and their related ions), or also
between different molecules eventually with photoemission.
H2 can generate a plasma with both atomic and molecular

behavior, and it is more reactive than a noble gas. This implies
that the corresponding set of reactions is quite complex, how-
ever it is possible to group all its reactions into subsets by sim-
plifying the discussion (apart from themolecular ones) to imit-
ate plasma’s models of noble gasses. The molecular physics
can be also taken into account to improve the sensitivity and
stability of the result. For instance, Thorsteinsson’s work [28],
based on chlorine, also considers molecular interactions.

Among atomic processes, we can distinguish:

• ionization,
• recombination,
• excitation,
• elastic scattering,
• bremsstrahlung,
• molecular cleavage,
• dissociation,
• dissociative attachment,
• rotational excitation,
• vibrational excitation,
• excitation of molecular electronic states.

Each reaction is univocally defined by an equation accompan-
ied by a name, a reaction coefficient and a threshold. Those
are then inserted in the database (see table 1). From the tabled
coefficients, we need to multiply by the concentrations of the
other reactants to get the corresponding rates. Their functional
approximationwith temperature comes from the integral of the
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process cross section σ with the Maxwellian energy distribu-
tion, according with the form:

k=

(
me

2π kbTe

)3/2ˆ ∞

0
σ (ν)νe

−meν
2

2kbTe 4πν2 dν; (6)

where kb is the Boltzmann constant [44]. This is a proced-
ure widely used in the literature, in fact the cross sections
are extracted from experiments and provided in parametric
form with energy [45–47]. It is preferable to calculate these
functional forms and tabulate them before running the code
because, once the shape of the coefficients has been estimated,
no redundant calculation of the same integrals is needed while
running the simulations.

2.1.2. Surface reactions. Expanding a 0Dmodel to a 3D one
provides a more realistic physical descriptions and is neces-
sary to realize the coupling between the plasma and the walls.
In case of suitable symmetries, to endow our model with geo-
metric features, we followed substantially three operations
[48, 49]: solving a system of transport laws in terms of effect-
ive area, imposing boundary conditions, and adding the sur-
face reactions (the rates of which depend on the geometric
characteristics). Indeed, the choice of surface reactions set is
based on the chemistry of the problem, however their dynam-
ics depends on the geometry. In case of linear plasma devices,
it is possible to follow the procedure shown by Lichtenberg,
Vahedi, Lieberman and Kim [48, 50], where the plasma con-
straint for the two-phase plasma density is parabolic:

n+
ne0

= α0

(
1− x2

l2

)
+ 1. (7)

In this equation α= n−/ne is the electronegativity [43], α0 ≈
(3/2) α is the central electronegativity [28], and l is the dis-
tance defined at α= 0. According to this procedure, of which
we present a brief summary showing the most important
passages, the complex diffusion problem can be described
by a system constituted by the flux conservation law, the
Boltzmann relation, the charge conservation, the positive ion
diffusion equation, and the Fick’s law:

N∑
i=1

qiΦi = 0, (8)

∇n−
n−

=
Te
Ti

∇ne
ne

, (9)

N∑
i=1

qi ni = 0, (10)

− d
dx

(
Da+

dn+
dx

)
=
∑
proc

kproci,jni nj, (11)

Φi =−Di∇ni ± niµiEi. (12)

In this system, qi represents the charge of the i th flux of
particles Φi inside the chamber, Ti is the temperature for a
generic ion,Da is the ambipolar diffusion coefficient provided
by Thompson [51] (to be more precise, we used an adapted
form for each species as explained in appendix according with
Chapman theory), E is the electric field, Ds is the diffusion
coefficient for the particle s and µs is the corresponding mobil-
ity term. This system, once the boundary is fixed, under some
approximations, transforms itself into an ordinary system if
this definition of effective area is applied [28, 30]:

Aeff =
ni s
ni

|axial2πR2 +
nis
ni

|radial2πRL, (13)

where, for nis, is meant the ion density at the sheath edge while
hl and hR are defined in literature as

ni s
ni
|axial = hL and

ni s
ni
|radial =

hR. They are given by the ansatz [30]:

hL,R =

[(
hL,R,0
1+α0

)2

+ h2c

]1/2

, (14)

the details of which are given in the appendix with more
information about the theory behind the surface reactions.
From this solution, it is possible to obtain the form of the Bohm
velocity:

uB =
eTe (1+α)

M(1+ γα)
. (15)

The reactions on the surfaces transfer energy to the walls of
the chamber, therefore, to be consistent with the geometry, it
is necessary to insert the set of all and only the significant reac-
tions that the plasma will carry out with the wall. These can
be listed similarly to what was done for volumetric reactions,
and can be added into the same reaction database. The sur-
face reaction set is then tabulated (table 2). In this table the γ
coefficients are set as: γh = 0.23 and γQ = 1 [30].

It is known that surface reactions also affect molecular
states. The importance of them, in 0D models, was studied by
Hjartarson et al [30]. They are summarized in reaction R19
which is the de-excitation reaction of the H2 molecule from
the state ν to ν− 1.

For bothmolecular and atomic states, the energy transferred
during the recombination reactions was set to be 7 times the
electron temperature. It is a common approximation coming
from the kinetics, in fact this term can be considered like the
summation of other two terms: 2 Te is the mean kinetic energy
per electron lost and 5 Te is themean kinetic energy per ion lost
modified by the electronegativity ϵi = Vp+Vs [28], i.e. the
pre-sheath and the sheath potential respectively.

2.1.3. Sheath potential. The large difference in temperat-
ure between electrons and positive ions allows electrons to
escape from the Coulomb field of the plasma medium to reach
the chamber walls (and thus form an electric potential differ-
ence because the plasma consequently shows the tendency to
become positive). This potential difference, evaluated at the
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Table 2. List by name, equation, rate coefficient and energy threshold of supposed surface reactions for H plasma. Here V stands for
chamber volume and A for chamber area. The electronic temperature must be entered in eV.

Hydrogen reactions in plasma (surface)

Name Reaction Coefficients (1/s) Threshold (eV)

R18 H+H+wall→ H2
1
2 ×

[(
Λ2/Da[H]

)
+
(
2V(2− γh)/

(
Avth[H]γh

))]−1
0 Te

R19 H2(v)+wall→ H2(v− 1)
[(

Λ2/Da[H2]

)
+
(
2V(2− γQ)/

(
Avth[H2]γQ

))]−1
0 Te

[v= 1− 14]
R20 H+ +wall→ H uB

[H+]
×Aeff[H+]/V 7 Te

R21 H+
2 +wall→ H2 uB

[H+2 ]
×Aeff[H+

2 ]
/V 7 Te

R22 H+
3 +wall→ H+H2 uB

[H+3 ]
×Aeff[H+

3 ]
/V 7 Te

plasma sheath Vs, accelerates the positive ions and restrains
the negative ones from contacting the walls. The ones which
will overcome the potential will be therefore responsible for
the plasma-wall interface physics causing a back-reaction that
interferes with the plasma stability itself. Using the techniques
present in the literature [28], we calculated the sheath potential
in order to evaluate the energetic spectrum for each species that
can reach the wall and consequently induce a damage. In first
approximation |Vs| results around 5 times the electron temper-
ature but this ratio can increase as the electronic temperature
rises. It also depends on α term, according with the formula:

Vs ≈ ln

4uB
veth

1+α

1+α
(
v−th/v

e
th

)2

Te. (16)

2.2. Monte Carlo simulations

The particular code of our sequential approach designed for
the evaluation of the evolution processes at the atomic scale is
presented in this section.

The mother volume is a virtual analogous of the real mater-
ial and plasma volume defined and mapped through a 3D grid.
In themother volume the physical volumes can be defined. The
portion of the mother volume in which the physical volumes
are inserted and affected by the physical interactions (by the
simulation) is called simulation volume. The lattice is the sup-
port of the states of the simulation volume, i.e. a computational
matrix in which the value of the state is assigned at each point.
The physical idea is to associate each point of the simulation
volume with a (unit) cell of the material crystal lattice.

Thus, the states are integer numbers associated with a point
in the simulation volume that represent the physical states of
the corresponding physical lattice cell. The function that asso-
ciates its state to a grid point works through a matrix that
assigns integer values. The vacuum state is always represented
by zero but the other states depend both on the specificmaterial
and on all the interactions that can be made with the plasma
MC particles. So a physical volume is defined by assigning

a value other than ‘void-state’ to a connected group of cells.
Physical volumes can be modified during code execution.

The mother volume is fixed as a 3D box. The top of the box
is the first KMC-simulated surface interfacing with the plasma
region from which the MC particles are emitted.

The MC particles, which must be initialized in accordance
with the stoichiometry simulated by our global plasma model,
are both lattice states or tracking objects, i.e. objects associated
to integer numbers whose trajectory can be interpolated on the
grid. When emitted in the simulation box, they can travel and
eventually encounter materials (non-zero state of the lattice)
through a process called free-flight that executes linear inter-
polations on the grid (see figure 2). If amaterial is encountered,
through a stochastic event selection, the code executes inter-
action routines that can modify both the state of the lattice and
the trajectory of the particle (therefore even stopping it).

In general, when a MC code is launched, given a stochastic
distribution, it executes routines (also with a random selec-
tion) that are functions that modify the states and must be
repeatable to represent the physical processes. In this program,
such routines are hard-coded in Fortran sources that decode
the probability of an event depending on matrices called inter-
action matrices. The chemistry of reaction is read by reaction
matrices too. In this way, the operator can edit these files and
turn the physics on and off as appropriate.

Before starting the simulation, the dimensions of the box
are the first parameters to be selected, then it is necessary to
choose which are the initial cell states of this virtual material.
The choice of possible states can be modified by the operator
but the results of the reaction by-products with the plasma ele-
ments must be taken into account; moreover this choice must
be consistent also with the interaction routines. After this, the
initial material geometry and its dimension must be added.

We distinguish three types of tables: those of the species
(see table 3), those of the reactions (see table 4), and the one
of the events (table 5). The set of simulation processes consti-
tutes the set of simulated physical phenomena that are entered
via subroutines (divided in ‘bulk’ and ‘surface’). While chan-
ging the chemical elements consists of updating the species’
matrices through databases, adding a new process, in this
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Figure 2. Free flight and penetration of a MC particle inside the
material. The particle does not interact until the code identifies a cell
in the lattice. On surface ones (indicated in orange) surface
processes are activated, on volume ones (in blue), volume processes
are activated.

Table 3. List of particles respectively defined in the MC code as
ions, neutrals, and as by-products on the surface and in vacuum.
Each of these is recognized in the code by an integer (index).

MC particles

Index Cell type Neutrals Ions By-products

0 Vacuum
1 W H H+ W
2 WW H2 H− WW
3 WH H+

2 WH
4 WH2 H+

3 WH2

5 WH3 WH3

6 WHW WHW
7 WH2W WH2W
8 WH3W WH3W
9 WH4W WH4W
10 WH5W WH5W
11 WH6W WH6W

version of the code, consists of editing subroutine files. The
list of routines (with their respective names) activated for this
paper is provided in table 5. The output of the plasma simulator
is properly transformed to become the plasma particles injec-
tion. This means, as already mentioned, defining the objects
to be tracked, but also their injection parameters in terms of
energy (spectrum) and angle (distribution). The flux ratios, the
temperature, and the potential are stochastically interpreted
resulting in properMC particles spectrum. In fact, it is possible
to evaluate the dose for each specie i from the flux definition:

Φi =
Ni
Stmax

(17)

Table 4. Surface reactions between a plasma neutral particles and
the surface adopted in the MC code. Each reaction changes the state
of a cell. Starting from a certain Cell type and adding the atoms of
the incoming MC particle it evolves toward a new Cell Type. Not
allowed reactions are indicated by the symbol ∗.

Reaction table

Index Cell type H H2

1 W WH (3) WH2 (4)
2 WW WHW (6) WH2W (7)
3 WH WH2 (4) WH3 (5)
4 WH2 WH3 (5) WH3(H) (5)
5 WH3 ∗ (5) ∗ (5)
6 WHW WH2W (7) WH3W (8)
7 WH2W WH3W (8) WH4W (9)
8 WH3W WH4W (9) WH5W (10)
9 WH4W WH5W (10) WH6W (11)
10 WH5W WH6W (11) WH6W(H) (11)
11 WH6W ∗ (11) ∗ (11)

Here S is chosen to be equal to the box surface and tmax will be
the total simulation time. Once the dose of a reference specie
is fixed, the others must be in proportion with their relative
fluxes. The MC particles are selected to preserve these pro-
portions and when a MC particle is chosen, the counter of the
dose increases, and the free flight starts activating the proper
routines for that particle when the surface is reached.

In terms of the starting angular distribution, the plasma
neutrals assume a cosine function, while charged particles
are initialized according to the following shifted Maxwellian
distribution:

Γion =
eR√
π

[√
Rsecθ e−R2 sec2 θ +

√
π

2
erfc

(√
Rsecθ

)]
cosθ.

(18)

Here R is meant to be the energetic parameter: R= eVi/kbTe.
This version of the code is able to evaluate ion penetration (see
[46] for the formalism of the binary collision approximation
BCA method), etching, sticking and sputtering process. The
same etch/deposition simulation framework of the baseline
code (implemented in Fortran 90) provided by Campo et al
[32] is assumed but current version is formulated in a 3D crys-
tal lattice. In the same paper, the authors show that this distri-
bution provided good agreement with the experimental data.

The choice of a shifted Maxwellian comes from the accel-
eration that the ions undergo due to sheath potential modifying
the initial distribution (assumed asMaxwellian). This distribu-
tion is compatible with the theory underlying the calculation
of the sheath potential [52]. As regards the distribution of neut-
rals, the Lambertian is chosen to guarantee an equi-probable
distribution on the material starting from a flat surface (the
boundary between plasma and simulation box). However, we
noticed that other distributions for ions and neutrals can be
provided by the users as input file in the code.
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Table 5. Description of MC events, each involving an MC particle and an MC cell. Here I and N stand for ions and neutrals respectively.
The graphic representation of an event in volume has been divided into 4 sub-panels which describe the positions assumed during the
motion of an ion. The graphical representation of a surface sticking event has been divided into 2 sub-panels which include the motion and
final position of an H2 molecule.

MC events

Event: MC Flight Volume (I) Surface

Routine: (1) FreeFlightN 3D Ionbulk3D IonSurf3D and
(2) FreeFlightI3D. Surface (N);

Phenomena: (1) Motion in void (N); (a) Etching (function); (a) Impingement (I) (matrix);
(2) Motion in void (I). (b) Deposition (I) (table). (b) Sputtering or IEE (I)

(function);
(c) Sticking (N) (function).

Graphic
representation:

Moreover, our code has been upgraded in terms of man-
agement and flexibility of ‘particle’ and ‘reaction’ lists which
were hard-coded in the previous version [32]. These particle
lists include all the MC particles recognized and used by the
code through a marker index, and they are normally divided as
follows:

• ‘cell type particles’,
• ‘neutrals’,
• ‘ions’,
• ‘by-product particles’.

A cell type particle is one of the different typology of occupa-
tion state of each MC lattice cell, assumed as body centered
cubic (bcc) in this paper, according to a W wall composition.
The total number of these states is Nin−cell. Similarly, ‘neut-
rals’ and ‘ions’ particles are the typology of particles com-
ing from the plasma and responsible for the erosion processes
of the walls. The number of these states are respectively Nneu

and Nions. There are also Nprod ‘by-product particles’ that con-
sist in the residuals of the interactions between incoming and
facing particles. In surface reactions, the etchingwhich emerge
from the removal process (in form of gas particle) can be re-
deposited after a subsequent ballistic path in the void region
(see [31]). For instance, in our simulations for surface reac-
tions, the following indexed MC particles have been defined
according with the table 3. The evolving etch/dept profile is
defined as the boundary between these two states: ‘Cell type
= 0’, ‘Cell type ̸= 0’. There are 12 possible state values for

a cell in these simulations. The state 0 corresponds to empty
crystal cell (i.e. a di-vacancy in the W lattice). This is because,
in ideal conditions, the unit cell has (exactly) 2 W atoms
before interacting with an MC particle (those that come from
a flight or a penetration) and over time each cell will change
state (and eventually become empty it the proper sequence
of events occurs). Stochastic occurrences of events are imple-
mented depending on the status of: the incoming particle, the
crystal cell and the reaction product. For instance, the sticking
reaction W+H→WH is modeled as following. Initial state
(cell state: 1) + (neutral state: 1) → final state (cell state =
3). After a possible removal of the WH complex (by-product
of state 3) the corresponding by-product can be re-deposited
promoting an empty cell (state 0) to the WH (state 3).

2.2.1. SurfaceMC phenomena. The surface reactions occur
in the cells of the boundary leading essentially to a modifica-
tion of the cell index (e.g. if a removal reaction took place, the
cell indexwould become 0). They can be classified in three cat-
egories: neutral absorption, ion activated events (etching and
sputtering) and by-products deposition (more detailed below).

The neutral absorption leads to the modification of the
cell type by this generic reaction scheme:

Surface(old)+Neutral(old) => Surface(new)+Neutral(new).

After the reaction, the eventual Neutral (new) particle can
continue its travel again in the void region following a sub-
sequent ballistic path or interact with the wall. Its reaction
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matrices have dimension Ncell ·Nneu and include also the asso-
ciated stitching probability matrix (i.e. the matrix in which is
considered the probability that the given reaction occurs after
the encountering between the Neutral particle and the Surface
cell). An extract of the reaction matrix for H and H2 neutrals
is reported in table 4. Neutrals, in fact, interact with the in-cell
states (left column) forming a new ‘molecular state’ (whose
list index is indicated in brackets). Symbols and respective
indexes are reported, whilst the code uses only the index for the
updates of the cells after the reaction. Not allowed reactions
are also indicated. They are characterized by a null value of the
stitching coefficient. It is also imposed instantaneous release
of full coordinated surface species (WH3, WH3 (H), WH6W,
WH6W(H)) but, alternatively, a very large removal yield can
also be included in the calibration with the same effects. In
case of different reaction schemes due to intermediate states,
it is possible to implement them, modifying lists and matrices.

Ion activated events are detachment events activated
by ions impinging on the surface which are classified into
two typologies: Ion Enhanced Etching (IEE) and sputter-
ing. These processes are implemented similarly in the code
of Chiaramonte [31] here distinguished by different angular
expressions for the yield function. For IEE the yield is:

βIEE(ion−surf) = CIEE(ion−surf)

[√
E−

√
(EthIEE(ion−surf)

]
fIEE(θ),

(19)

where fIEE (θ) is a function of the incidence angle θ (with a
maximum at θ= 0 and a large plateau (till e.g. θ = π/4) [31].
While for the sputtering (SP), the yield is:

βSP(ion−surf) = CSP(ion−surf)

[√
E−

√(
EthSP(ion−surf)

)]
fSP (θ) ,

(20)

where fSP(θ) is a function of the incidence angle θ with a max-
imum at large angles [31]. In the above expression, E is the
ion energy whilst CIEE,EthIEE,CSP,EthSP are calibration paramet-
ers which depend on the cell-type ion couple. Therefore, simil-
arly to the neutral absorption, they can be stored and uploaded
from the database in the matrix format described in the sub-
section ‘Surface MC phenomena’ 2.2.1.

By-products deposition. Particles removed from the solid
part of the structure can travel ballistically in the void region
until they encounter again the solid surface or until they are
annihilated at the boundary between the simulation box and
the plasma bulk. In the case of a surface encounter event,
the particle can be deposited on the surface. The by-products
deposition is therefore an event where a cell with index 0, that
is a first neighbour of a cell with index ̸= 0, assumes the index
of the by-product itself. The deposition is ruled by deposition
coefficients (i.e. the probabilities of a given deposition event).

2.3. Setting of the crystal lattice in the KMC simulation box
and mapping of the pre-processed samples

The feature size region is mapped in the simulation box
using profile shapes that have to be fixed before running
the code. Alternately, it is possible to upload the Scanning
Electron Microscopy (SEM) section of pre-processed samples
as described in [31, 32].

In this paper the cubic lattice of the simulation box is com-
mensurate to the tungsten one with the conventional cell of
length a= 0.3157 nm in which twoW atoms are present with a
distance of 0.2734 nm per cell (reproducing stable α-W body-
centered cubic crystal structure). In this lattice the initial state
is mapped. In case of graphic representation of the sample,
in the images, each species can be distinguished by a specific
color, which is the already applied methodology to different
cell states.

Bigger cells can be also used if the size of the etched struc-
ture is too large for the atomistic resolution. In this case, the
average number of atoms, Acell, should be calculated in order
to normalize the yield functions as β → β/Acell. Moreover, in
this case, the gas particles will not represent a single atom, ion,
molecule or moiety (a group of atoms or portion of amolecule)
but a MC particle that has to be sampled appropriately. The
frequencies/probabilities associated to the sets of reactions of
the bulk elements (for instance C and Si or in our case W)
are completely different, resulting in different tables of events
which need to be implemented per each kind of constituent
element. In particular, with respect to the single elements of
the wall, the new particles formed as combination of the wall
elements reacting with the plasma ones, could be either more
stable (and tend to hinder the IEE), or less stable (boosting
the IEE). Finally, we note that, in principle, this KMC frame-
work could be also improved in order to consider the real space
atomic distribution in compound lattices in a procedure called
Kinetic Lattice Monte Carlo approach. However, this approx-
imate scheme should be sufficient to describe accurately the
erosion process in the case of the specific interaction with the
plasma.

3. Results and discussion

In this chapter we demonstrate the potential predictions
achievable by sequentially coupling plasma and feature scale
codes simulating the plasma-wall interaction that evolves
under the quasi-sequential physical processes of etching,
erosion, sticking and sputtering. The results are discussed
assuming a realistic experimental setup in which the proper
measurements of plasma characterization and materials modi-
fication are also accessible.We present the outcomes as a com-
bination of both tools starting from the plasma simulations,
which are used as input for the KMC code. Finally we notice
that parameters’ calibration is not definitive, however the gen-
eral trends seem to be respected, in agreement with remarkable
cases in the literature.
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In case of molecular plasma stoichiometry (as in the case
of hydrogen), the molecular reactions set increases the com-
plexity of the system. Molecular states are known to influ-
ence the percentage of Hm [30]. To validate the developed
APIs, which generate and solve ‘on the fly’ a plasma model
from the user defined reactions’ set, a direct comparison with
the literature has been done also in the case of simpler sys-
tems: an argon (Ar) plasma was also simulated. In fact, being
a noble gas (therefore not very interacting and complex) and
being well known in the etching literature, the comparisons are
immediate. Results relative to the Ar case are presented in the
appendix.

3.1. Settings

Without lack of generality, we fix the geometry of the plasma
chamber in the cylindrical shape symmetry (radius R= 0.05 m
and length L= 0.68 m). Applications to different shape and
dimensions are possible with minor modifications. In accord-
ance with the literature, the geometry related calibration para-
meters were fixed as γh = 0.23 and γQ = 1 [30].

The initial temperature was set at 273.15 K, while that of
the neutrals (which remains the same as the ions’ temperature)
was set at 473.15 K. In the future updates of the codes the
temperatures could be evaluated dynamically if needed.

At the bottom of the plasma chamber a tungsten wall is
considered. In this region we simulate the material modific-
ation due to the interaction with the plasma at atomic resol-
ution. Therefore, we assume that the initial simulation box
for the wall is made by a portion of the W crystal with Lx×
Ly×Lz = 180× 180× 400 conventional W cubic lattice cells
of length a= 0.316 nm. The Lx×Ly surface is in contact with
the plasma and periodic boundary conditions along the x and
y direction are also imposed to emulate the configuration of
an infinite surface. The plasma state, due to its pre-sheath and
sheath potential, accelerates the positively charged particles
against the wall.

The simulations were then carried out implementing a pos-
sible Design of Experiments (DoE matrix, a matrix of experi-
ments designed to test systematically the statistical weight of
a sequence of input factors [53]) with two control variables:
the pressure and the power. The power varies from 500 W to
1500 W with a uniform step of 250 W. The particles’ flows
constitute the real control variables as an incoming pressure
which, however, is automatically modified by the code accord-
ing to the evolution of the components percentage during the
plasma discharge. For this reason, the results are discussed as
a function of the outgoing pressures, which are those that reg-
ulate the flows, being also the initial condition for the KMC
simulation. Five output pressure points are thus chosen to build
the DoE matrix: 2.03 mTorr, 12.18 mTorr, 22.33 mTorr, 32.47
mTorr and 42.60 mTorr.

The simulated points are chosen to guarantee a link with
the SOL region, according with the contemporary design of a
nuclear reactor. The flows must be therefore compatible with
the orders of magnitude although the apparatus is linear. With
H gas, this occurs in ranges from unity to hundreds of mTorr

in pressures and in ranges from hundreds to thousands of watts
in power. In this way, temperatures of the order of eV and con-
centrations of approximately 1010 particles cm−3 are reached,
obtaining fluxes of 1022 particles (m2 s)−1.

The link between the flows of elements in plasma and those
in terms of MC particles is achieved through the calculation of
the characteristic time, dose and sheath potential for each point
of the DoE.

Indeed, flows in the plasma code are defined as the quantit-
ies of particles per unit time impacting on a surface. Thus, hav-
ing fixed the surface, once a reference dose has been chosen,
the time of the phenomenon is easily obtained as explained
in section 2.2. It is obviously also possible to choose a time
interval and obtain the number of particles that arrive on the
surface within that given time. However, the clock of this code
coincides with the injection of H+ ions (the other injection
events are automated in proportion to the particle flows) and
consequently it was chosen to fix a sample of 104 particles
(MC H ionic particles) which are injected to the wall for each
MC simulations.

3.2. Plasma results

Herewe show the plasma behavior with respect to pressure and
power in terms of temperature and concentration (fixing the
geometry chamber conditions of the chamber as stated before).

As shown in figures 3((a) and (b) panels), the electronic
temperature manifests a monotonic decrease with pressure in
the whole range of power here considered, while the density
shows a non-monotonic dependence on power as evident from
the lowest power case. This is due to the possibility at low
power of activating further ionization processes rather than
increasing the average energy of the electrons. In any case,
over a certain pressure the temperature variations with the
power tends to reduce, while the variation in electron density
is still considerable.

Due to similar consideration, as shown in figures 3((c) and
(d) panels), as the power increases the temperature decreases
while the electrons’ concentration increases.

The total sheath potential drop at the plasma wall interface
is more influenced by temperature than by electron density.
This statement is clearly demonstrated by the cross compar-
ison between figure 3 and the sheath potential values derived
as a function of the control parameters and shown in figure 4.
In fact, the electron density does not change significantly with
the pressure in this regime, while the density of lines in the
potential solutions is very similar to the solutions that show
the temperature trend.

It is possible to verify how the results for electron temper-
ature and concentration are in line with those of other authors.
In the paper of Samuell and Corr [26] two sets of experimental
results are discussed. For a power ranging from 100 to 1200W
and a pressure of 10–100 mTorr (reactor GEC reference cell
with a radius of 80mm and a reactor length taken to be 50mm)
with the same order of 100 sccm (not relevant according to
the author from 10 to 100 sccm) it is noticed that the orders
of magnitude and the trends are in agreement (temperatures
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Figure 3. Electron temperature and density with respect to power and pressure for H stoichiometry in a cylindrical chamber of R= 0.05 m
and length L= 0.68 m. The temperature of the electrons decreases monotonically as the pressure increases from 2 to 43 mTorr (panel (a))
regardless of the power absorbed while decreases not monotonically as power increases (panel (c)). The electron density decreases with
power from 750 to 1500 Watt, but its trend shows a change (also in concavity) between 500 and 750 Watt (panel (b)). Panel (d) shows an
increasing trend for electron density versus power.

Figure 4. Total potential (meaning the sum of sheath and pre-sheath) with respect to power (panel (a)) and pressure (panel (b)) for a gas of
H. Radius R= 0.05 m and and length L= 0.68 m. The total potential tends to increase with both power and pressure.
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Figure 5. Components of the flows generated by the plasma simulator as pressure vary per each power (linear plasma device, radius
R= 0.05 m and length L= 0.68 m). In panel a the species H and H2 are shown. These grow with pressure and are the most abundant. The
behavior of H2

+ and H3
+ ions is shown in panel (b). While H3

+ decreases in general, the H2
+ plot increase for small pressures

(corresponding to a strong decrease in H3
+). H+ decreases monotonically (panel (c)) while H−, which is the less concentrated ion,

increases (panel (d)).

between 2 and 6 eV and concentrations between 109 and 1011

particles cm−3). For the MAGPIE experiment (50 sccm) from
3 to 10 mTorr in a measurement between 200 and 1500 Watt
(very similar to our conditions), an even better agreement is
observed. Considering some experimental fluctuations, which
however converge at a power of 1500 W (10 mTorr pressure)
at 4 eV, the result of the simulations is still in agreement.
A similar trend is also observed when the powers vary. At
low powers and pressures of 12 mTorr our code overestim-
ates the concentration by a few units, settling at 5.5× 1010

particles cm−3 (500 W) compared to approximately 5× 1010

for Samuell. The rest of the concentration results are in agree-
ment. It is possible to carry out a similar analysis (although the
chamber is a little different) also with Hjartarson et al [30] in
the case of simulations with 100% hydrogen in their model.

In figure 5, we reported the values of fluxes per each spe-
cies changing with power and pressure. As stated before, the
plasma fluxes are the quantities of particles (of a certain spe-
cies) coming from plasma that meet the surface in the unit of
time, given the initial conditions. This data is the main inform-
ation that is needed to drive the KMC simulations and quantify
the time step, together with the sheath potential value.

To calculate the fluxes, each concentration must be multi-
plied for the right speed term. In case of ionized particles, it
is possible to use the Bohm velocity (and this is the option we
have chosen for convenience), but in the case of neutral, the
diffusion coefficient must be used.

3.3. Kinetic Monte Carlo results

Detailed results of the erosion processes are shown in this sub-
section, with respect to time, for the DoE point of reference
22.33 mTorr and power 1000 W. This choice was made for
purely demonstrative purposes as the procedure is repeated for
all points provided by the plasma code and then simulated by
the KMC. These results thus represent the predictions which
can be extracted for each given point of simulated matrix.

In this DoE point we provide time dependent information
about the total erosion (the erosion rate can be derived through
theKMC time) and roughness. The procedure adopted is there-
fore an example of how to extract the physical information
before the formal sequential coupling of the two codes. In fact,
although theKMC is not definitively validated by experiments,
it is able to provide results about the first surface composition.
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Figure 6. Sequentially coupled simulation of plasma emitted by cylindrical linear plasma device (Radius R = 0.05 m and length L= 0.68
m) on wall (180× 180× 400 lattice sites of W bcc). Injection power 1000 W, thrust 22.33 mTorr, dose 10 000 H+ particles. Panel (a) shows
the total number of hydrogens that have attached to the surface or penetrated the wall over time with an insertion flux of around 3× 1021

particles (m2 s)−1 for low coverage conditions. Panel (b) shows how the wall is abraded by the plasma by graphing the position of the first
surface over time. Panel (c) shows the average penetration of all H particles within the solid. Panel (d): roughness of the wall with respect to
time.

In these plasma-provided initial conditions (in which the total
potential in absolute value is low with respect to an average
etching condition), the erosion is limited and no particular arti-
facts are distinguished as a consequence of the irradiation.

As we can see in figure 6(b), the first average surface pos-
ition decreases constantly. Scanning from the top of the box,
the first surface is simply identified as the locus of molecules
(cells with state different from zero) that have other particles
below and no one above.

The nominal position of this surface follows a step evol-
ution. In fact, it is defined as the closest integer to the mean
surface. The average, time by time, of the heights of the ele-
ments of the first surface, provides the average First Surface
Position, which is no more an integer number. However, for
long enough simulations, the results become the same and both
descend linearly.

To take into account the fraction of H deposited on the sur-
face, and the one deposited inside the material, we arranged
figure 6(a). It shows the number of particles, with respect
to time, growing either inside the material or on the surface.

Sometimes it can happen that groups of chemisorbed H atoms
or H-W complexes, released as a result of the erosion, are re-
adsorbed at the surface. At the moment, the code underestim-
ates their recycling dynamics (i.e. for particles which go out of
the mother simulation box), but the plan is to implement it in
future developments. This process can lead to fluctuations in
the total number of particles, which however remains limited.
It is possible that, at least locally, these particles could influ-
ence the plasma state interacting with the fuel atoms to form
H and W compounds that can be redeposited [14].

In the same figure 6, the average penetration graph of
particles inside the material is presented (panel (c)). It reaches
a peak and then decreases to become stationary. The reason is
that, increasing the number of incoming particles, the mater-
ial recedes due to the erosion, and therefore such particles,
which penetrated into the bulk at an early stage, always seem
to approach the first surface changing the averaging result over
time. In any case, increasing the statistic, an average penetra-
tion is quickly reached. It will vary positively or negatively
in a random way with the root of N. Obviously it is possible
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Figure 7. Top view (xy plane) of the atomic lattice (panel (a)) and the equivalent AFM image (b) of W PFM exposed to hydrogen plasma
for the combined simulation in the central point of DoE matrix (1000 Watt, 22.33 mTorr), as generated by a linear accelerator (R = 0.05 m
and L = 0.68 m), at a dose of 10 000 H+ particles. In the lattice view H is white while W is blue. The AFM image (180× 180 lattice sites)
shows the deepest craters in yellow while the highest peaks in orange as shown by the colorbar on the right of the graph.

to discriminate the particles penetrated at any given time to
make an accurate measurement of penetration. However, this
raw distribution is more similar to the experimental measure-
ment conditions.

3.4. Molecular distribution of the first surface

An example of the structural details, relating to material trans-
formations due to plasma interactions is provided below.

It is possible to define the map of the elements which con-
stitute the first wall surface, together with their relative posi-
tions. It is read as a matrix by the MC code. Figure 7 is the
cross section image of the tungsten plate for the simulation
with the same conditions of figure 6(case of pressure 22.33
mTorr and power 1000W). The equivalent of an Atomic Force
Microscopy (AFM) image (figure 7(b)) is realized to compare
with the lattice in the same plasma configuration (figure 7(a)).
In fact, figure 7(a) is the image of a cutaway, close to the first
surface, made in xyz format. Inside the material (near the first
wall), it is in fact possible to reconstruct the state of each cell
by presenting an image with a sensitivity of the order of the
angstrom. From our first surface matrix, the topology of the
surface with the same sensitivity of few angstroms is recon-
structed. It is also possible to repeat this operation step by step
over time and combining such matrices to form a gif file which
represents the time evolution of the system. To obtain these
pictures, combined etching, erosion and sticking routines were
activated in the code.

3.5. Combined results

We performed 25 simulations spanning the space of initial
conditions in terms of powers and pressures as stated before.
In this specific framework, concerning fast simulations, there

is no plasma contamination, therefore, the simulations are
carried out with a sequential coupling. For each couple of
initial conditions (pressure and power), there is a flux solu-
tion. Such a solution is a group of fluxes, representing the
number of incoming particles on the unitary area respect to
time for each species as already showed in subsection ‘plasma
results’ 3.2.

The fluxes plotted in figure 5may changewith the boundary
conditions of the chamber. The set of solutions represented in
figure 5 and extracted from the DoE points, together with the
total potential, constitutes the space of initial conditions for
the KMC evaluator.

Taking into account firstly that changes in fluxes are not
trivial and, secondly, that the results must be combined with
the potential, it can be deduced that the coupling between
the plasma and the wall (which represents the boundary of
the plasma as a differential system) is a complex environ-
ment. This implies that the variation of a parameter does
not trivially reverberate in the modification of another quant-
ity. For this reason, by simulating the erosion for each point
in the pressure-power space, a surface (in MC solutions) is
constructed. In general this procedure does not build a one
to one function.

The results of the combined approach can be seen in
figure 8; these can be plotted (expressed with the same dose)
in terms of erosion, penetration length and roughness. The
more energetic conditions correspond to a greater retreat of the
first surface and a greater penetration length. As first instance,
the roughness formation depends on the activated processes
and not on the energy associated with them, therefore, even
if the roughness evolution depends on the dynamic condi-
tions of each single process, in this energetic range, it remains
limited because we are neglecting the collective motions
of the gas.
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Figure 8. Results of sequentially coupled simulations (linear plasma device and W wall are the same of figure 6 but the inlet parameters
vary on the whole DoE matrix). In this image the color is indicative of the values reported on the vertical axis (i.e. the z-axis represents the
color-bar). By varying the plasma injection parameters (power and thrust), the outputs of the MC are graphed: erosion rate in panel (a),
Eroded depth in panel (b), Average penetration in panel (c) and Roughness in panel (d). The trends of these variables are almost monotonic.
Erosion is greatest where ion penetration is greatest.

3.6. Overall behavior of the system

As a reasonable trend, the increase of ion fluxes, in terms of
both dose and energy, results in a faster erosion. Anyway,
the real contribution to the changes of the first surface pos-
ition and morphology is due to the combination of differ-
ent causes. In fact, although in the context of etching exper-
iments this sheath potential is considered low, the coupled
action of the H2 molecules, which act chemically on the sur-
face, plays a fundamental role on the PFM evolution. When
the power increases, atoms tend to ionize and consequently
to increase the electronegativity of the system (precisely the
electron concentration).

At this energetic regime, some of the plasma energy is
subtracted by the ionization process of H− (phenomenon
which appears enhanced if expressed in terms of pre-
accelerated flux), resulting in a decrease in electronic tem-
perature which consequently implies a global rearrange-
ment of the concentrations, due to the temperature-dependent
rates. The rearrangement is not linear by definition and

this growth of concentration reduces effectively the energy
per electron.

In principle it should bring the system to balance through
volume reactions, increasing the positive ions concentration.
However, the plasma is coupled with the container which also
influences the balancing.

The strong decrease of the electron temperature, and the
increase of the H3

+ concentration (that influence the overall
electronegativity), therefore result in a reduction of the sheath
and presheath potential (in absolute value). From an effect-
ive point of view, the neutral fluxes seem to grow together
with those of H3

+ but the sheath potential in the meantime
decreases leaving the plasma-wall interaction dependent only
on the neutrals.

This process has a positive implication on the durability
of the materials because, with a larger dose and being the
temperature lower, it is possible to transmit a lower energy
per particle, that implies a lower etching and average penetra-
tion length while the percentage of energy transmitted to the
external environment increases.
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However, in case of lower penetration lengths, the concen-
tration of the H immediately under the first surface would be
larger, resulting in an increased interaction between the inter-
stitials. In fact, the dynamics of the H bulk diffusion lead-
ing to the formation of hydrogen bubbles is not taken into
account in these simulations and could improve secondary pro-
cesses as with a closely related loss of material performance on
long-term activities. For instance, for He gasses, the dynamics
of the bubbles is fundamental in fuzz formation for fluences
and energies of the same order in tungsten and molybdenum
(Φ≈ 1025 at m−2, E ≈ 30 eV) [54].

A similar argument can be repeated for pressure variations.
However, an increase in pressure does not result in a significant
change in either the penetration length or the total erosion (at
fixed dose).

The dynamics is therefore mainly driven by the potential:
the increase in fluxes is indeed marginal because the Bohm
velocity depends on the electromagnetic thrust while the fall
in potential is equally recorded. This is reasonable because the
electronic density does not increase with pressure (as opposed
to what is recorded when the power increases) and it happens
because the energy must be shared with multiple molecules.

Therefore, in general, although it is true that a greater boost
pressure leads to a higher flux which produces more erosion;
in the case of a comparison with a fixed dose, the overall effect
of the pressure, as a first approximation, results only in a loss
of potential. This explains the asymmetry in the behavior of
the graphs in figure 8 under pressure and power variation.

Regarding the known phenomenology, there is a large liter-
ature on the damage generated by H (and also by He) on W or
tungsten compounds. These are divided trying to cover differ-
ent energies, temperatures and fluences or, in any case, tend
to measure different quantities mostly based on the imaging
realized by electron microscopy.

A 2020 paper [55] explains how damage by hydrogen gen-
erates blistering at the mesoscale due to microscopic dam-
age. In fact, in terms of damage, blistering for H is the ana-
logue of fuzzing for He although the phenomena are differ-
ent. Furthermore, H and He can interact with each other in
aging processes. In our simulations it is possible to observe an
accumulation of hydrogen that penetrates beyond the cover-
age layer. This is because H atoms combine with each other
forming hydrogen gas (H2) due to their high reactivity.

Another recent experiment on a linear device [56] with
fluxes comparable to those generated in our simulations (actu-
ally for deuterium on alloy W-V) revealed blistering caused
by H and in particular High-resolution Transmission Electron
Microscopy (HR-TEM) images show severe distortion in W
thin area, indicating local stress and disordered structure form-
ation on theW surface of the same order that is observed in our
simulations.

4. Summary and conclusion

A sequential multiscale simulation code was designed and
set up to describe the evolution of PFMs in a nuclear fusion

environment. Although the code is still under development, it
was optimized and tested in case of linear geometry (i.e. to
reproduce the physics of linear plasma devices).

Such a simulator consists of a sequential coupling between
a 3D-KMC code, that evaluates the atomic dynamics of the
first wall, and a plasma simulator which evaluates the physical
quantities (electronic temperature and concentrations, fluxes
and sheath potentials) necessary to characterize the plasma and
launch the KMC.

The coupling of these codes depends both on shared
information about the physical quantities affecting the plasma
state and on the definition of the MC particles that are cre-
ated in plasma. The combination of these two codes has been
implemented in practice and it is able to simulate the evolution
of the PFM reaching the sensitivity of the tungsten unit cell.

The plasma model extends in the context of the fusion
research methods already adopted in the recent scientific liter-
ature and developed in electronic device manufacturing etch-
ing contexts. Here it has been adapted to simulate the typical
parameter space of the devices currently performing fusion
plasma experiments with the aim of producing and measuring
the erosion of PFMs.

Our model is able to simulate homo and ambipolar plas-
mas taking into consideration the excited molecular states and
different types of ions. The surface reactions are part of the
model and, through geometrical chamber parameters, it is pos-
sible to extend the physics reproducing a 3D model [20, 49].
Our approach is indeed to insert the reaction parameters into
specific databases in order to make the code adaptive and to
weigh the contribution of the various physical phenomena.

We calibrated the code on both H and Ar, with the inten-
tion of replicating the literature results in the working ranges
of common plasma chambers and at typical working pressures
(for H between 2 mTorr and 42 mTorr) and powers (between
500 W and 1500 W). According to the previous literature,
the plasma temperature for the Hydrogen composition is con-
strained between 4 eV and 10 eV with relative electron densit-
ies around 5–8.5× 1010 particles cm−3 [27, 28, 30]. In fact,
starting from geometrical conditions, power, flow pressure,
and input gas stoichiometry, it is possible to obtain: molecular
concentrations, flows, electron density, electron temperature,
sheath potential and pre-sheath potential.

Once the sheath potentials have been evaluated and the
fluxes extracted, the code is coupled to the KMCmodel which
simulates etching, sticking, sputtering and penetration phe-
nomena. Each point in the injection parameter space has been
analyzed showing an erosion rate spacing between 200 and
550 nm s−1. A global study was subsequently carried out at
the same dose of H+ as shown in figure 8. As a result of the
global analysis, if the power increases and the other paramet-
ers are fixed, the erosion rate decreases while the roughness
remains almost constant. Changes in thrust do not modify the
erosion trivially since the main parameter affecting the erosion
rate is the total flux.

Slightly different is the behavior of the penetration length.
It is because the acceleration potential, i.e. the main parameter
affecting the penetration, is linked to the DoE space (meaning
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to the plasma pressure and power with fixed chamber) accord-
ing to equation (16), and therefore through the electronegativ-
ity which lowers while the pressure increases.

To facilitate the visualization of the results, the code
provides us with 3D images of both the global analyses as a
function of the parameter space, and the maps of the PFM first
surface for each time slide. These maps allow observing the
nanoscopic dynamics of the material. AFM-like images have
been mounted in gif files to provide the time evolution of the
first surface for each point. Those files can be employed in
case of comparison with both the experiments or other config-
urations which lead to a different dynamics (see for instance
variations of the angular distributions).

The possibility of updating the list of physical interactions
allows us understanding which ones are the most relevant (at
least at the calibrated energy regimes), however the physical
processes simulated so far do not provide a noteworthy result
on the increase in roughness. The Ra roughness has given res-
ults around 0.22 nm for a pure H2 gas at pressure 22.33 mTorr
and power 1000 W. This could result from either a calibration
which is not yet complete or an initial condition set as per-
fect crystal. The result, however, underlines that to describe the
evolution of surface roughness, there is a need to include other
competing physical phenomena. In general, the order of mag-
nitude of the analyzed physical quantities appears realistic.

The description of global motions of the gas, responsible
for blistering or fuzzing (for He) and depending on bubble
formation and dynamics, is still under research. The temper-
ature of the material certainly plays a role in this process but
studying the interactions between the elements penetrated by
the surface (whose dynamics are not trivial) is also important.

This requires a dedicated study to be included as a new pro-
cess in the MC; however, the code is designed to be updated
inserting new routines in future. Their inclusion will lead to
changes in the current morphology: in fact, a different evolu-
tion is expected due to new interactions between the bulk and
the first surface.

A possible extension of the KMC could foresee dedicated
routines for the motion of the gaps. It could be coupled to a
continuum algorithm for the description of the bubbles evolu-
tion (and in general of physical processes on larger temporal
and spatial scales).

A similar statement also applies to materials: the results
have been provided for tungsten impinged by hydrogen com-
ponents but the code may consider other elements and, by
changing nanoscopic dynamics, mesoscale processes could
appear different.

Furthermore, nowadays, very complex studies on the W
damaging have been carried out highlighting how the motion
of the gases is important for the result. A very comprehensive
paper in the field of is provided by Li et al [57]. Rescaling on
surface and fluence, we obtain retention values very similar to
the ones obtained by Zhao et al [58] (4.7× 105 compared to
1.0× 106). However, this result must be evaluated as an order
of magnitude because some routines have not been implemen-
ted yet in our code. In the same review (Li et al [57]), mention
is made of studies which, for modeling purposes, include the

evaluation of roughness, but under different energy regimes.
Furthermore, much literature includes studies of H and He as
a source of coupled damage and this review underlines the fol-
lowing concept: ‘it is still difficult to give an exact relationship
between H/He retention behaviors in W and surface damage/-
microstructures, and even with many controversies.’ In fact,
the mesoscale study of gaseous processes related to H and He
could provide important results for concrete developments of
the subject. As a future evolution, it could therefore be useful
to try to include both elements in the model.
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Appendix

A.1. Details of theory

As already mentioned, it is possible to obtain solutions of the
system (8)–(12) for the unknown Te(ub), α, α0, n, l, x0, impos-
ing both the following expressions [28]:

hc = 1/
(
γ1/2 + γ

1/2
+

[
n∗1/2n+/n−3/2

])
, (21)

n∗ [v] = (15/56)
η2vith [v]
krecλi [v]

. (22)

Here krec ≈ 5x10−14m3s−1 is the rate coefficient for mutual
neutralization in the bulk plasma, while λ[v] is the mean free
path for each species [v] and is given by λi =

∑
njσij, where

σij are evaluated rising by squared and multiplying for π the
effective radii matrix terms (given in table 6). Furthermore η
is equal to 2T+/(T+ +T−), and vith is the ions thermal speed.
According with the paper of Lee and Lieberman [43], based
on the work by Lichtnberg et al [48], the sheath edge density
is obtained in the following form, from which they derive hl0:

ns = ne0
1+ 2α0

γ

1+α0

(
1

1+(lpuB/(2γD))

)
, (23)

where γ = Te/Ti. Moreover, hl can be taken in a more general
form in the case of transitions from low to high pressures and
both for electropositive to electronegative regimes [43]:

hl0 =
1+ 3α0/γ

1+α0

0.86[
3+(L/2λ)+ (0.86LuB/πDa)

2
]1/2 . (24)
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Table 6. Effective radii used for the calculation of the cross sections in the equation (29) in the case of the interaction between the species in
the column with the one in the row.

Effective radii for scattering cross section [10−10] m

Species H H+ H− H2 H+
2 H+

3

H 1.35 1.35 1.35 1.52 1.52 1.68
H+ 1.35 1.35 1.35 1.52 1.52 1.68
H− 1.35 1.35 1.35 1.52 1.52 1.68
H2 1.52 1.52 1.52 1.68 1.68 1.83
H+

2 1.52 1.52 1.52 1.68 1.68 1.83
H+

3 1.68 1.68 1.68 1.83 1.83 1.995

Table 7. List of Argon plasma reactions with respective index, coefficients and thresholds. The notation is analogous to that of table 1.

Argon reaction in plasma

Name Reaction Coefficients (cm3 s−1) Threshold (eV)

R101 Ar+ e− → Ar+ + e− + e− 1.235× 10−1 × e−18.69/Te 15.8
R102 Ar+ e− → Ar∗ + e− 3.71× 10−2 × e−15.06/Te 12.0
R103 Ar∗ + e− → Ar+ + e− + e− 2.05× 10−1 × e−4.95/Te 3.80
R104 Ar∗ + e− → Ar+ e− 2.0× 10−1 0.00
R105 Ar∗ +Ar∗ → Ar+Ar+ + e− 6.2× 10−4 0.00
R106 Ar+ e− → Ar+ e− −3.3× 10−4 × ln(Te)+ 0.05 3.× 5.486× 10−4 × Te/39.948
R107 Ar∗ → Ar+ hv 3.0× 10−4 0.00

Name Reaction Coefficients (1/s) Threshold (eV)

R108 Ar+ +wall→ Ar 3.0× uBHAr × (L/Lh+R/Rh) 7.00× Te
R109 Ar∗ +wall→ Ar Da[Ar∗]/(Λ2) 0.00

Here λ is the mean free path of the ions. The corresponding hR
can be written as:

hR0

=
1+ 3αavg/γ

1+αavg

0.8[
4+(R/λ)+ (0.8RuB/2.405J1 (2.405)Da)

2]1/2 .
(25)

Da, for each species s, results as following [30]:

Da [s] = Di [s] (1+ γ+ γα)/(1+ γα) , (26)

where

Di [s] = [1/DK+ 1/Dself]
−1

. (27)

In the absence of a magnetic field, the diffusion is determined
by DK and Dself, which are respectively the Kundsen diffusion
term,

DK [s] = (2/3)vth [s]R, (28)

and the Enskog self-diffusion term provided by Chapman’s
theory [59],

Dself [s] =

[
(8/3)diam [s,s]2 g2 [s]n [s]

(
πm [s]
kbTn

)1/2
]−1

,

(29)

where g2 = (1− ι/2)/(1− ι)
3, ι[s] = (π/6)diam[s,s]3n[s],

and Tn is the temperature of the neutrals. diam represents
the effective diameter for the collision of two generic species
inside the reactions.

A.2. Test for other compositions

Before running the code for H stoichiometry, the plasma code
was tested for the Ar one. Argon is a very common element
in the etching simulation literature. The list of Ar reactions is
presented in table 7.

The code has been evaluated entering an input stoi-
chiometry of the pure element. As it is shown in figure 9(a), at
a power of 50 W, for a chamber with a radius of 7.5 cm and a
length of 10 cm, the experimental values of temperature varies
between 3.5 and 2.5 eV for pressures between 5 and 70 mTorr
[60]. Figure 9(b) shows how in a chamber of L = 8.5 cm, R
= 5 cm, with a power of 100 W, the temperature is bounded
from 4.2 to 3.5 eVwhile the pressure varies from 3 to 15mTorr
[61]. For a power of 600W, in a chamber of 7.62 cm length and
15.24 cm radius, in a pressure range from 2 to 30 mTorr, the
temperature decreases from around 5.5 eV to less than 3.5 eV
(however the last one is an extrapolated point, identified with
the empty dot).

In all these cases, our model describes the experimental res-
ults with a CL limit of the 90 %.

Moreover, in these conditions, while the electron concen-
tration rises, the temperature decreases. This behavior is well
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Figure 9. Electron temperature with respect to pressure for pure Ar stoichiometry compared to the literature. The results of this model are
plotted in dashed amaranth (each simulation is indicated with empty dots). Two dashed blue lines are plotted to represent 90% of C.L. on
the geometric parameters. The solid lines represent the theoretical models, while the experimental measurements are indicated with solid
dots. Case (a): L = 10 cm, R = 7.5 cm [60]. Case (b): L = 8.5 cm, R = 5 cm [61]. Case (c): L = 7.62 cm, R = 15.24 cm, results for case of
100% Ar [30]. In all cases the trend is decreasing.

known, and is due to the definition of energy density, which
increases with the product of concentration and temperature.
In the same range of pressures, the electron concentration
remains of the order of 1016–1018 particles m−3 according to
the same trend provided by the previous authors.

A.3. Specifications on sequential coupling of codes

This section describes the technical aspects that concern the
passage of information between the plasma code and the MC
simulator. A diagram is also provided: see figure 10.

The global input data are: Chamber dimensions (L,R),
Power, Pressure, gas and chamber temperature, W Plate
dimensions (height, thickness and depth). This data is used by
all the codes of the program.

The input data that intervene only on the plasma are
the Diffusion Info to which are added: Database of spe-
cies, Database of reactions, Scattering parameters and radii;
while the ones that only intervene on the material are:
Routine selection and Calibration matrices (for Specie
and Reaction).

The outputs of the plasma code are divided between the res-
ults for each single point of the DoE (Element concentrations,
Electronic temperature, Electronic concentration) and those
that are used for coupling with the KMC, which pass through
a global code (the one that also provides the first plasma
graphs). Once the KMC code has finished its run, the global
algorithm performs data analysis, prepares graphs and images
taking into account the results of both codes across the entire
DoE matrix
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Figure 10. Schematic: coupling between codes.
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