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Materials modification and response to the impact of energetic particles is an important ongoing research
area in several applications. This includes both experimental and theoretical work. We updated and
improved our models for the simulation of Ion Transport in Materials and Compounds (ITMC-DYN), part
of HEIGHTS package, to now include dynamic changing of materials composition as result of multiple ion
beams bombardment and target atoms mixing, segregation, and diffusion. Implemented models consider
detail processes of simultaneous and multiple ions penetration and mixing, scattering, reflection, physical
and chemical sputtering of composite material atoms, dynamic surface evolution/modification, thermal
diffusion, and surface segregation and recombination of species in multicomponent alloys. For bench-
marking of the models we compared our simulations results with several recent experimental data for
nanoapplications and for the developments of future fusion energy systems. Simulation of tungsten sur-
face evolution and modification under the impact of hydrogen ions with carbon impurities demonstrated
good agreement with recent experiments. Details of surface erosion and conditions for blisters formation
as a function of fluence and material temperature were also analyzed and explained.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The area of studying ion beams/target mixing and interactions
has many interests and applications such as material surface mod-
ification, nanolayers and nanoclusters formation by low energy
ions, material erosion lifetime, and plasma contamination in mag-
netic, inertial fusion, and extreme ultraviolet lithography devices.
The scale and the degree of complexity of the processes considered
in modeling of such systems vary depending on the application.
Ion–target interactions (both electronic and nuclear) and following
ions and target atoms motion are usually included in most models
in a simple way for studying the dependence of target material ero-
sion on ion beam energy, intensity, and angle of incidence. More
accurate analysis of plasma facing materials under plasma particle
beams in fusion devices should be able to handle multiple and
simultaneous ion beams incidents on target materials operating
at high temperatures (around 1000 K and higher). This requires
implementation and the interplay of particle diffusion, thermal
and chemical erosion of surface, segregation, and molecular sur-
face recombination (hydrogen isotopes) and desorption.

Computer modeling of integrated processes in such systems
allows better understanding of the interplay phenomena of ions
deposition, target atoms mixing and diffusion, segregation, target
ll rights reserved.
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surface erosion, and possible compounds formation. The most
widely used binary collision approximation (BCA) computer code
for studying of ions transport in target, TRIM, is based on ZBL po-
tential for ions/atoms interactions and considers static targets
[1,2]. Another version of this code, TRIDYN, is based on KrC poten-
tial and has implemented dynamic changing of target composition
[3]. We included in our model implementation of three different
inter-atomic potentials – ZBL, KrC, and Moliere to study the influ-
ence of various potentials on surface modification processes. The
dynamic updating of target layers composition in our Ion Transport
in Materials and Compounds (ITMC-DYN) code is time-dependent
on fluence and on self-consistent contribution of physical pro-
cesses to accurately simulate actual experimental conditions. For
detail analysis of target modification, our models consider all
atoms generated cascades including implanted, diffused, and seg-
regated atoms. We implemented graphical user interface with
built-in the periodic table of elements and their properties that
the user can change in accordance with system simulation of the
specific experimental setup.
2. Brief description of ITMC-DYN models

The simulation of Ion Transport in Materials and Compounds
[4,5] has been upgraded to now includes the following capabilities:
(1) implementation of ZBL, KrC, or Moliere screening functions for
the Coulomb potentials in modeling elastic atomic collisions; (2)
implementation of combination of LSS and Bethe models and
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Ziegler fitting coefficients for the inelastic electronic energy loss;
(3) dynamic time-dependent update of target composition; (4)
unlimited number of target layers with unlimited number of com-
posite materials; (5) unlimited number of incident ion beams with
different parameters; (6) implanted atoms diffusion and mixing;
(7) molecular surface recombination and desorption; (8) chemical
erosion and surface segregation; (9) graphical interface with built-
in periodical table of elements and their properties. ITMC-DYN
code is based on Monte Carlo methods for the binary collision
approximation and the selection of the struck atom from a com-
pound and for modeling of the atomic collision processes. The code
is part of High Energy Interaction with General Heterogeneous Tar-
get Systems (HEIGHTS) simulation package developed to study
self-consistently target surface evolution processes due to intense
particle and energy fluxes impinging on target materials to study
erosion lifetime and materials performance in various applications
including plasma facing and first wall components of magnetic
and inertial fusion devices, targets response in high power acceler-
ators, laser and discharge produced plasma devices for advanced
lithography systems, and directed energy lethality for defence
applications [6]. A brief description of the models used and imple-
mented in the ITMC-DYN code is given below.
2.1. Ion–atom interaction and inelastic energy loss

The ion–atom and atom–atom elastic interactions are modeled
based on the common form of a screened Coulomb potential be-
tween the interacting species. The detail procedure of calculating
the scattering angle in the center-of-mass system and interaction
cross-sections are described elsewhere [4]. Three screening func-
tions were implemented in ITMC-DYN code – (1) Moliere with
Firsov screening length; (2) KrC with Firsov screening length; (3)
ZBL with universal screening length.

For the inelastic interactions, the code includes two methods for
calculating the electronic energy losses – a combination of the
Lindhard–Scharff–Schiott (LSS) and Bethe models or using Ziegler
fitting coefficients. The LSS-stopping formula is used for ion ener-
gies 625 keV/amu [7]. The Bethe stopping power is used for inci-
dent ion velocities v > v0Z2=3

1 [8], where v0 is Bohr velocity [9].
An interpolation formula proposed by Varelas and Biersack [8] is
implemented for calculating the electronic energy loss in the inter-
mediate ions energy range. The detailed description of simulating
the inelastic interactions is given in [4].
2.2. Dynamic updating of target materials composition

The target material can compose of many different target layers
with any thicknesses. Each layer can be composed of various
atoms. The ITMC-DYN code updates the composition of target lay-
ers at each time step specified by the user. Motion of ions and
atoms in target is modeled using pseudoparticles. One pseudopar-
ticle corresponds to an interval of the particles flux. The weight of
the pseudoparticle is calculated as:

W ¼ Flux=Pseudoparticle number

In the simulation with dynamic target atoms update, the actual
irradiation/experimental time is also divided into intervals (Dt). At
each time interval, Dt, the total contribution of pseudoparticles to
the change in each layer composition depends on the number of
removed and deposited particles and can be given by:

Niðt þ DtÞ ¼ NiðtÞ þWniDt=Dz ð1Þ

where Ni is the atomic density of type i; ni is the total accumulated
number of pseudoparticles of type i; and Dz is the layer thickness.
After recalculation of the total atomic number density Ni in the
layer i, a relaxation of the target thickness is performed. The ITMC-
DYN has then two options for the control of the atomic density:

1. the number density in the layer is always equal to its initial
value; or

2. the number density in the layer depends on the changed layer
composition and is equal to the actual number density of the
given composition.

Exceeding or decreasing of the above values are regulated by
then changing of the layer thickness Dz. The layer thickness Dz is
also controlled by the initial layer thickness value Dz0:

(a) If Dz > 1:5Dz0, the current layer is divided on two separate
layers.

(b) If Dz < 0:5Dz0, the current layer is added to the layer
underneath.

2.3. Particles diffusion in target materials

The implanted atoms during irradiation can move due to the
established concentration gradients and thermal diffusion. The
time-dependent concentration of the implanted atoms depends
on the diffusion of particles in target and is described by Fick’s sec-
ond law:

@Cðz; tÞ
@t

¼ D
@2Cðz; tÞ
@2z

ð2Þ

where C is the concentration of the diffusing particles; D is the dif-
fusion coefficient, which depends on the target temperature T and is
usually written in the Arrhenius form as:

D ¼ D0 expð�Ed=kTÞ ð3Þ

where D0 is a frequency factor depends on lattice structure; Ed is the
diffusion activation energy; and k is Boltzmann’s constant.

The inclusion of the diffusion processes is very important in sim-
ulating fusion reactor conditions where target materials operate at
high temperatures and the diffusion of the incident particles can
significantly influence the material surface composition and hence
plasma–material interactions and the overall performance of the
fusion reactor. The ITMC-DYN calculates the diffusion coefficient
of multicomponent materials depending on the target composition
as the interpolation of logarithmic values of diffusivity of each com-
ponent. In our analysis below, we considered in detail the special
case for the diffusion of carbon in tungsten because of the wide
range of published experimental data for the diffusion of C in W
that varies in several orders and most recent values [10] showed
dependence of the diffusion coefficient on carbon concentration.

2.4. Surface recombination of hydrogen isotopes in target materials

In special cases the release of the implanted gases such as helium
and hydrogen isotopes from target surfaces should be considered in
addition to the diffusion processes. Hydrogen isotopes retention
and inventory in plasma facing components are very important to
understand from both safety and plasma performance points of
view. In modeling and simulation of fusion reactor environments
the following boundary condition at the surface (z = 0) is used to
predict the recombination of diatomic molecules (for D2 and T2):

JðzÞ ¼ D
@

@z
CðzÞ ¼ KrC

2ðzÞ ð4Þ

where z is distance from the surface normal; Kr is the molecular
recombination constant, which can be calculated in various ways
as described previously [11–13], for example [13]:



Fig. 1. Self-sputtering of Sb as function of ion energy for different potentials.
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KrðTÞ ¼
4ac1 exp½ð2Es � ExÞ=kT�ffiffiffiffiffiffiffiffi

MT
p

ðqS0Þ2
ð5Þ

where q is the target density; a is the sticking coefficient; c1 is the
kinetic theory constant; M is the hydrogen isotope atomic mass; S0

is the pre-exponential constant for solubility; Es is the heat of solu-
tion; and the surface barrier Ex is given by Hassanein [14]:

Ex ¼maxðEs þ Ed;0Þ ð6Þ

The solubility, S, is the concentration of hydrogen isotope atoms
in the target material that is in equilibrium with the isotope gas at
a pressure P given by [14]:

SðT; PÞ ¼ S0

ffiffiffi
P
p

expð�Es=kTÞ ð7Þ

In the case of Arrhenius form for the calculation of the recombi-
nation rate coefficient, two parameters, the activation energy and a
fitting pre-exponential constant, are usually calculated for differ-
ent temperatures by approximating the experimental values in
the permeation studies and by modeling various experimental re-
sults [15]. The influence of various forms on the resulting value of
the recombination rate was previously studied in detail [14].

2.5. Chemical erosion of carbon-based materials

The chemical erosion of carbon-based materials by hydrogen
ions bombardment and interaction has strong dependence on tar-
get temperature, ions energy, and flux intensity [16]. The following
model for chemical erosion of carbon takes into account all above
dependencies for the calculation of carbon chemical sputtering
yield [17]:

YchemðC; T; E0Þ ¼
6 � 1019e�

1
kT

1015 þ 3 � 1027e�
2

kT

3þ 200YphysðE0Þ
� � Ci

1020

� ��0:1

ð8Þ

where C is the flux of incident ions in 1020 m�2 s�1; E0 is the initial
energy of ions; Yphys(E0) is the physical sputtering yield.

The combination of the above model for chemical sputtering
yield with calculated value of physical sputtering in dependence
on ions energy provides a very good agreement with recent results
of the chemical erosion yield determined from spectroscopic mea-
surements in different fusion devices and plasma simulators [16].
The concentration of carbon in mixed target materials and its sur-
face segregation requires additional correction in the evaluation of
chemical erosion, therefore the total carbon losses are calculated in
our model in correspondence with its concentration in each layer
near the surface.

2.6. Surface segregation

The kinetics of surface segregation of various species in multi-
component alloys has many treatments. One of the most known
interpretations of this phenomenon is given by du Plessis and
van Wyk [18] based on Darken explanation of ‘‘uphill” diffusion.
According to their theoretical description surface segregation is
a diffusional process against the concentration gradient and it is
a result of the difference in the chemical potential of the diffusing
species from surface to bulk.

The chemical potential of the species in an ideal binary alloy can
be written as:

l ¼ l0 þ kT ln C ð9Þ

where l0 is the standard chemical potential. The change in the
chemical potential of species is related to the change in Gibbs free
energy of this system as:
DG ¼ l0B
1 � l0S

1 þ l0S
2 � l0B

2 ð10Þ
where at the right part of the equation are standard chemical poten-
tials of species 1 and 2 in the bulk and on the surface. And surface
segregation in binary alloys in terms of the difference in Gibbs free
energy between surface and bulk is given then by du Plessis and van
Wyk [18]:

@CsðtÞ
@t
¼M

a2
1

C1ðtÞ DGþkT ln
C1ðtÞð1�CsðtÞÞ
CsðtÞð1�C1ðtÞÞ

� �

@CiðtÞ
@t
¼MkT

Ciþ1ðtÞ
a2

iþ1

ln
Ciþ1ðtÞð1�CiðtÞÞ
CiðtÞð1�Ciþ1ðtÞÞ

�CiðtÞ
a2

i

ln
CiðtÞð1�Ci�1ðtÞÞ
Ci�1ðtÞð1�CiðtÞÞ

" #

ð11Þ

where Cs(=C0) and Ci are the relative concentrations at the top sur-
face and at the ith layer of the bulk respectively; ai is the thickness
of ith layer; DG is the segregation energy; and M is the mobility of
the species.

The mobility parameter was introduced in the theoretical anal-
ysis of surface segregation phenomena in terms of the chemical
potential gradient. It was found that the mobility can be related
to the diffusion coefficient as [18]:

D ¼ MkT 1þ @ ln f
@ ln C

� �
ð12Þ

where f is the activity coefficient of species and depends on the
solution of components in alloys. It was shown in the experiments
that the value of the segregation energy depends on the sample
temperature [19] and grows with the increase in concentration of
the solute species [20].

3. Simulation results

3.1. Influence of the inter-atomic potential and binding energy

The ITMC-DYN has implemented three interaction potentials
for modeling ion–atom collisions. The choice of the inter-atomic
potential is found to be very important in some cases for under-
standing material erosion and growth. We studied the influence
of the inter-atomic potentials on surface recession or buildup for
the case of incident Sb ions with different fluences on Si target.
First, we compared the sputtering yields of Sb target bombarded
by Sb ions with various energies. Results of the simulation using
the different potentials of ZBL, KrC, and Moliere models are pre-
sented in Fig. 1. Since the values of the screening function for
KrC potential are located between the values of ZBL and Moliere



Fig. 3. The case of 2 eV binding energy of Sb in simulation of 300 eV antimony ions
implantation in Si substrate.
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potentials with Moliere potential giving the highest value [21],
sputtering yields also exhibit similar behavior for a wide range of
energy values with deviation at low and high energies. This can
be explained by the change in the tendency of the screening func-
tions with increasing function argument and the specific fitting
constants for each potential in the calculation procedure of the
scattering angle.

These results were obtained with antimony bulk binding energy
of 2 eV. The binding energy is defined as the energy needed to take
out an interior atom from a normal lattice site position and place it
on the surface of the material [22]. In BCA model this value is sub-
tracted from the energy transferred by ions to the struck atom.
Some BCA models do not take into account the effect of the bulk
binding energy. The value of the binding energy can significantly
influence the sputtering yield results especially in the case of low
energy ions since it will influence the energy of the struck atom
and the number of the subsequent collisions with other target
atoms. In the energy range where the sputtering yield is around
unity, taking into account the binding energy in numerical simula-
tion can further change the tendency of the surface modification –
from erosion to buildup (Figs. 2 and 3)! When the fluence of Sb
ions with an incident energy of 300 eV bombarding Si target ex-
ceeds a certain value (1–50 � 1020 m�2, depending on the binding
energy) the target surface is grown as a result of Sb deposition on
the surface. This is because the sputtering yield of Si is small
(3 � 10�2) and the implanted range of Sb is short (about 3 nm)
for such ions energy. With increasing irradiation time, the Sb layer
covers Si substrate and the subsequent implantation process de-
pends on the interaction of the incident Sb ions with the antimony
deposited on the surface. The self-sputtering of Sb without taking
into account the binding energy is around 1.23 for ZBL, 1.18 for
KrC, and 1.16 for Moliere potentials while this parameter has val-
ues of 0.67 for ZBL, 0.7 for KrC, and 0.71 for Moliere potentials
when using a Sb binding energy of 2 eV. This causes erosion
(Fig. 2) or buildup (Fig. 3) of the surface respectively. In the first
case, with increasing the fluence the process of surface modifica-
tion reaches the steady-state condition with respect to target com-
position with the formation of antimony layer of �5 nm thickness.

3.2. Modeling of nanolayers formation

The dynamic part of the ITMC-DYN code was further bench-
marked against recent experimental data from the deposition of
low energy ions of C and Fe on Si substrate [23]. In these experi-
Fig. 2. The case of 0 eV binding energy of Sb in simulation of 300 eV antimony ions
implantation in Si substrate.
ments, carbon ions with energy of 50 eV and iron ions with energy
of 90 eV were deposited using dose rates varied from 5 � 1019 to
2 � 1020 ions/m2. During deposition, the Fe and C ionized cathodic
arcs were alternately switched on and off, corresponding with the
Fe and C layer deposition period respectively. We modeled these
experiments using surface binding energies of 7.41 eV and 4.34 eV
for C and Fe respectively. Figs. 4 and 5 show the sequence of nano-
layers formation and their thicknesses for fluences of 5 � 1019,
8 � 1019, 1 � 1020, and 2 � 1020 ions/m2. Dual beams of Fe and C
ions were simulated alternatively impinging on the Si substrate.
This process is repeated to match the experimental conditions of
both beams and the total fluence. Figures also show the difference
in the models used for the atomic number density. In the first case
(Fig. 4) we assumed that the density of the compound of Fe, C, and
Si in the area located above the initial surface of Si substrate corre-
sponds to the density of the resulting composition of these atoms. In
the second case (Fig. 5), the atomic density was kept equal to its ini-
tial value, i.e., the Si atomic density. For comparison with the exper-
imental data, Fig. 6 shows the TEM micrograph of Fe/C multilayers
with four bilayer periods: 0.75 nm, 1.25 nm, 2.5 nm, and 5.0 nm
[23]. In this experiment, each dual-fluences were repeated five
Fig. 4. Four bilayer periods with two bilayers each for fluences of 2 � 1020, 1 � 1020,
8 � 1019, and 5 � 1019 ions/m2; with atomic density of the composition.



Fig. 5. Four bilayer periods with two bilayers each for fluences of 2 � 1020, 1 � 1020,
8 � 1019, and 5 � 1019 ions/m2; with atomic density of pure Si.

Fig. 6. High-resolution TEM micrograph of Fe/C multilayers with four bilayer
periods: 0.75 nm, 1.25 nm, 2.5 nm and 5.0 nm in order from the Si substrate,
respectively [23].
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times and therefore, each bilayer period consists of five bilayers
total.

The thicknesses of the fabricated nanolayers in Fig. 4 differ al-
most in two times in comparison with nanolayers in Fig. 5, as
the atomic density of 50% of iron and 50% of carbon composition,
for example, has a value of 9.89 � 1028 m�3 while the density of
pure Si is 4.98 � 1028 m�3. The results in Fig. 4 are, however, closer
to experimental values given in Fig. 6: �1.1 nm, �1.8 nm, �2 nm,
and �4.3 nm.

3.3. Simulations of H ion beams with carbon impurities for ITER-like
experiments

To benchmark our models and code in the case of significant
influence of the diffusion processes on the implantation and cas-
cade dynamics we considered the recent and very interesting
experiments of plasma–material interactions toward the develop-
ments of ITER fusion reactor [24]. In these experiments, beams of
hydrogen ions containing carbon impurity ions were impinged
on pure tungsten samples heated from 653 to 1050 K. Carbon con-
centration on the surface of tungsten was measured in dependence
on the percentage of carbon impurity concentration in the incident
ion beams and in dependence on samples temperatures. The inci-
dent ion beams consisted of 70% of 333 eV H+, 10% of 500 eV H+,
20% of 1000 eV H+ and from 0.1% to 1% of C ions with 1000 eV en-
ergy and various fluences.

Implementing simultaneous particles bombardment and depo-
sition of mixed beams are very important for accurate modeling of
the above experiments since the behavior of each particle interac-
tions will influence the processes of the true remaining particles
and their interactions. Each component of the ion beams when
deposited on the target will change the composition of the sample
and therefore, influence the behavior of the subsequent implanta-
tion. The deposition of carbon atoms in the form of graphite or in
binding with tungsten (WC or W2C) on the surface of the samples
[24] reduces the diffusion of hydrogen in target. For example, the
diffusion coefficient of hydrogen isotopes in tungsten has a value
of 10�10–10�12 m2/s at the temperature of 650 K [25,26], while this
parameter for diffusion of H in randomly oriented carbon at the
same temperature is around 1 � 10�20 m2/s [27]. This large differ-
ence will have a significant effect on hydrogen isotopes behavior
and retention in candidate plasma facing materials in ITER-like de-
vices. The combined effective diffusion coefficient is assumed in our
modeling as the interpolation of the logarithmic values of the indi-
vidual diffusion coefficient of hydrogen in W and C according to
their concentration. We used the values of diffusion coefficients
and hydrogen molecular recombination rates that were obtained
in the experiments with target temperatures most relevant to our
modeled experiments. Also, as hydrogen retention in tungsten and
tungsten carbide did not show saturation with the increasing of
incident fluence [28] we did not consider the dependence of the
hydrogen diffusion coefficient on its concentration in target. Signif-
icant chemical erosion of carbon-based materials in the form of CH4

release due to hydrogen bombardment takes place in the range of
temperatures around 500–1000 K [29]. In our modeling when tak-
ing into account the dependence on the ions energy and flux, on
sample temperature, and on carbon content in the layers, we ob-
tained a chemical erosion yield of 1 � 10�3 atoms/ions. This results
in the reduction of carbon concentration at the peak by �10%.

It was also reported in these experiments that blisters were
formed on the target surface at fluence of 3 � 1024 H/m2 with car-
bon fraction around 0.8% and at temperatures of 450–650 K
[24,30]. We have studied and analyzed in detail and further pre-
dicted the conditions of blister formation for different beam-target
parameters using the newly developed ITMC-DYN code.

Blisters start to appear with increasing the number density of
gas bubbles, and bubbles formation depends on the mobility of im-
planted gas, the concentration of its atoms in the target, and the
rate at which lattice vacancies can be supplied to enhance the sta-
bility of a nucleated core. In simulating these experiments, the
mobility of hydrogen atoms depends on the modified target com-
position of W and C. With increasing carbon impurities from
0.11% to 0.84% for the same total fluence of 3 � 1024 m�2, the peak
of carbon concentration in target increases from 40% to more than
60% and its location is shifted: 15–20 nm far from the surface in the
case of 0.11% and near surface location in the case of 0.84% impu-
rities concentration. This is shown in both the experiments and in
our modeling. The range of 333 eV hydrogen ions in tungsten
(main component in the mixed beam) is around 5 nm. With little
carbon concentration at the surface region, hydrogen was not accu-
mulated in the first case and blisters were not found in the sam-
ples. Hydrogen atoms, in this case, recombine and leave the
surface or diffuse to the bulk of the sample. In the second case,
more than 60% of carbon concentration on the surface results in
a significant decrease of the hydrogen diffusion coefficient (in
our calculations to 10�17 m2/s) that leads to the high probability
of hydrogen retention (Fig. 9). Large numbers of blisters were
formed on the surface in this case.
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The concentration of hydrogen is then increased with increasing
of the total fluence with the same previous conditions as 0.84% of
carbon impurities and 653 K temperature of samples. Figs. 7–9
Fig. 9. Concentration of C and H in tungsten sample for fluence of 3 � 1024/m2 and
sample temperature of 653 K.

Fig. 7. Concentration of C and H in tungsten sample for fluence of 3 � 1022/m2 and
sample temperature of 653 K.

Fig. 8. Concentration of C and H in tungsten sample for fluence of 3 � 1023/m2 and
sample temperature of 653 K.
show this dependence for 3 � 1022, 3 � 1023, and 3 � 1024 H/m2

fluences respectively. In these experiments blisters did not appear
in the case of low fluence, appeared for the middle fluence, and
clearly formed for the high fluence case. Our modeling results
showed also the high rate of hydrogen accumulation in the case
of 453 K sample temperature (Fig. 10) that explains the high den-
sity of large blisters formation found in the sample.

Therefore, carbon deposition on the tungsten surface increases
hydrogen accumulation because of its low diffusivity in tungsten
and carbon composites, especially in sample with 453 K tempera-
ture, and it provides conditions for blisters formation in the near
surface region. The enhanced ions fluence will provide the addi-
tional requirement for blister formation since the damage and
vacancies number will increase in tungsten [31].

We implemented two additional and important processes to
analyze the difference in the peak location of carbon concentration
in the experiments and in our modeling – surface segregation and
samples etching by Ar ions.

The process of surface segregation moves carbon atoms from
the bulk to the surface layer because of the increase in the chem-
ical potential of carbon in the bulk of W/C compound. Modeling
of this phenomenon can shift the peak of the carbon concentration
profile to the surface. However if we consider this process self-con-
sistently with ions beam deposition, target atoms sputtering, and
atom cascade mixing/redistribution, the effect of surface segrega-
tion loses its effectiveness. Carbon atoms moving to the surface
will be knocked out by the incident ions beam since the compo-
nents of beam – hydrogen with 333 eV and carbon with 1 keV en-
ergy – have ranges 3–5 nm and the sputtering of C is higher than
the sputtering of tungsten: � 1 � 10�2 for C by H ions, while H en-
ergy is below the threshold for potential sputtering of W. The val-
ues of segregation energy were found experimentally for different
temperatures and carbon concentrations in tungsten and vary in
the range of 2–3 eV [19,20]. We used in our calculations an average
value of 2 eV for segregation energy and a reasonable value of
1 � 10�22 m2/s for calculation of carbon mobility in tungsten for
sample temperature of 653 K. The above parameters/results in
combination with other considered processes in our modeling pre-
dicted sample erosion that is comparable with one found in the
experiments of �100 nm. Increasing of any of these parameters
will lead to a significant increase in surface erosion rate.

Surface segregation is a time-dependent process and can take a
place at post-irradiation period. Carbon concentration increase on
the surface is significant during this time and we also analyzed
Fig. 10. Concentration of C and H in tungsten sample for fluence of 3 � 1024/m2 and
sample temperature of 453 K.
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the influence of this surface segregation process on the resulting
concentration profile.

The concentration profiles given in the experiments were found
using the XPS sputter technique. This method provides good depth
resolution of sample but has the disadvantages of broadening of
the profiles due to the mixing by etching ions beam, and also the
preferential sputtering can results in concentrations that differ
from the real sample concentration profiles [32]. We modeled
the process of etching of the samples by 1.7 keV Ar ions as it was
done in these experiments.

Figs. 11 and 12 compare carbon concentrations after the initial
deposition of hydrogen and carbon (solid line) and with the subse-
quent surface segregation and the bombardment of the resulting
composite target by Ar ions (dashed line) and with the experimen-
tal data. Post-irradiation segregation and etching processes tend to
shift the concentration profile towards near the surface and as
shown in our modeling it approaches the profile predicted by the
experiments.
Fig. 11. Concentration of C in tungsten sample after deposition of H with 0.8% C in
total fluence 3 � 1024/m2 and sample temperature of 653 K, and with additional
process of etching by 1.7 keV Ar ions; dots indicate results from XPS in the
experiments [33].

Fig. 12. Concentration of C in tungsten sample after deposition of H with 0.11% C in
total fluence 3 � 1024/m2 and sample temperature of 653 K, and with additional
process of etching by 1.7 keV Ar ions; dots indicate results from XPS in the
experiments [33].
Another important result of our modeling, that can be a good
test of the dynamic comprehensive BCA model, is to compare the
erosion thicknesses after the initial beam deposition and during
the etching process. The predicted surface erosion in these exper-
iments was around 100 nm for all the samples [30]. The calculated
thickness of sputtering erosion in modeling was also �100 nm
for 453 K and 653 K sample temperatures for the fluence of
3 � 1024 H/m2. The correspondence of the etching time with the
thickness of the removed material in the modeling is also in good
agreement with experiments. Bombarding the target by 1.7 keV Ar
ions beam removes 15 nm of samples for 500 s [34].

The distribution and mixing of carbon atoms inside the target in
the low temperatures case analyzed above is only due to recoils
implantation since carbon diffusivity in tungsten is very low at
temperatures below 1000 K. We further studied the dependence
of carbon concentration profile on carbon diffusion coefficient
and compared the results with the experimental profiles for sam-
ples with 1000 K and 1050 K temperatures. The used values of
the diffusion coefficients (Fig. 13) are consistent with the values
obtained in more recent experiments and in modeling as well
[10,35]. In our computer simulation we used the real exposure
time of the experiments of 1 � 104 s. This parameter is important
for correct modeling of the time-dependent particle diffusion and
hydrogen surface recombination processes.

Fig. 13 shows the results of simultaneous ions beam deposition
and carbon diffusion in tungsten. The model for surface segrega-
tion in these cases with high surface enrichment factor is equiva-
lent to the Fick’s law description of diffusion [36]. Segregation of
carbon atoms at samples temperatures increases erosion rate but
cannot significantly change carbon concentration profile since
most carbon atoms moved to the surface are sputtered by the ions
beam. Post-ion-irradiation surface segregation and diffusion in the
bulk can be the reason of C accumulation on the surface in these
experiments. We combined diffusion and the Darken model [36]
for the surface segregation to evaluate carbon concentration on
the surface at the relatively low temperatures when carbon atoms
can still diffuse in tungsten keeping in mind that surface segrega-
tion mainly depends on the segregation energy parameter. Fig. 14
demonstrates the influence of these processes during 500 s
post-irradiation on the carbon redistribution using diffusion coeffi-
cient of 1 � 10�20 m2/s which corresponds approximately to the
temperature of 800 K [35]. Furthermore, during the simulation of
Fig. 13. Concentration of C in tungsten sample for total fluence of 3 � 1024/m2 in
modeling with various diffusion coefficients; C profiles in experiments with sample
temperatures of 1000 K and 1050 K.



Fig. 14. Concentration of C in tungsten sample for total fluence of 3 � 1024/m2 in
modeling with possible post-deposition diffusion and surface segregation; C
profiles in experiments with sample temperatures of 1000 K.
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the etching process itself using Argon ions, additional correction
due to Ar bombardments is made to the final and more accurate
carbon concentration profile that better matches the experimental
results as shown in Fig. 14.

4. Summary and conclusion

We upgraded our ITMC code to the ITMC-DYN version that now
includes the dynamic changing of materials composition, deposi-
tion of simultaneous complex ions beams, atom diffusion, chemical
erosion, surface segregation and recombination processes, and
etching induced redistribution of target atoms. Modeling results
and comparison with experiments showed good agreement and
therefore, the advantage and potential use of computer simulation
to predict and optimize the complex materials behavior in relevant
reactor environment.

We studied the dependence of blisters formation in tungsten
material on incident ion fluences, impurities content, and samples
temperatures. The newly developed models successfully predicted
the conditions for blister formation as shown in recent experi-
ments. Parameters such as, the diffusion coefficient of hydrogen
in carbon-rich zones can significantly influence the accumulation
and the resulting profiles in candidate plasma facing materials
such as tungsten. The diffusion parameters obtained from the
experiments can vary by several orders of magnitude depending
on the experimental conditions and on carbon structure.

Self-consistent implementation of all processes involved in
modeling material evolution during ions beam bombardment is
quite important in understanding surface erosion, mixed materials
evolution, and hydrogen isotope behavior and retention in materi-
als. Low level of impurity contents in plasma, can significantly af-
fect erosion lifetime, largely increase hydrogen isotope retention,
and enhance bubble/blister formation in candidate plasma facing
materials in reactor environments.
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