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to years) scales be addressed simultaneously, and that extensive
physical processes across the plasma–surface-bulk materials interfaces be integrated. Figs. 1 and 2 illustrate phenomena that govern
the response of the materials surface to plasma exposure [9], and
the computational models that must be accurately integrated.
While vastly different length scales characterize the surface
(!nm) and plasma processes (!mm) as indicated in Fig. 1, the
plasma and the material’s surface are strongly coupled to each
other, mediated by an electrostatic and magnetic sheath, through
the nearly continuous exchange and recycling of incident ion and
neutral species and the re-deposition of eroded particles. These
interactions are more explicitly shown in Fig. 2, along with the corresponding time scales upon which they occur. These physical processes occur over a disparate range of time scales, which poses a
challenge both to modeling, and experimental characterization of
both the individual and coupled processes. As one example, the high
probability (>90%) of prompt local ionization and re-deposition of
sputtered material atoms means that the surface material that is
in contact with the plasma is itself a plasma-deposited surface, as
opposed to the original well-ordered surface of the material that
existed at the beginning of operation [9]. Likewise, the recycling
of hydrogen plasma (fuel) is self-regulated through processes
involving near-surface diffusion, trapping, and gas bubble formation, coupled to the ionization that results from interactions with
the plasma. The multitude of time and length scales controlling
material evolution and device performance requires the development not only of detailed physics models and computational
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• Plasma-material interactions (PMI) in nuclear fusion devices:

Cause the surface reconstruction of plasma-facing materials (PFMs, W) to
roughness or even more complex nanostructures (mounds, fuzz, bubbles, pores
and blisters) & ion (D/T/He) retention and sputtering of PFMs & degradation of
structural materials.
ITER – PFMS (Be, W)

D+, T+, He+, n
150 000 000 oC

Fig. 1. Schematic illustration of the synergistic plasma surface interaction processes that dictate material evolution and performance in the magnetic fusio
environment, as reproduced from [9].

B.D. Wirth et al., J. Nucl. Mater. 463 (2015) 30.
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• Surface morphology of W under ion irradiation
•

Loop punching and bubble rupture causing
surface roughening: mounds, fuzz, bubbles,
pores and blisters.

•

What is the influence of surface roughness
on ion retention and sputtering of materials
under energetic ion irradiation?

~ t
Fuzz
S. Kajita et al., Nucl. Fusion 49 (2009) 095005.

He-W

Loop punching & bubble rupture
O. El-Atwani et al, Nucl. Fusion 54 (2014) 083013.

F. Sefta et al, Nucl. Fusion 53 (2013) 073015.
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• How does surface roughness enhance ion retention and
reduce ion sputtering?
W
D. Nishijima et al. J. Nucl.
Mater. 415 (2011) S96.

Roughness

W

fuzz

Ar
RNRA

He

Surface roughness: polishing process
C. González et al., Nucl. Fusion 55 (2015) 113009.

Around one order of magnitude
below the expected sputtering yields.
I. Tanyeli et al., Sci. Rep. 5 (2015) 9779.
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Monte Carlo simulation of primary radiation damage
•

Primary radiation damage: Ballistic phase, in the range of ~ nm and the timescale of ~ sub-ps; two types of collision – binary & cascade/spike collision.

•

Until now radiation damage simulation codes (like SRIM) have been limited
in ability to describe 3D geometry, computational efficiency, or both.
Advantages: MC v.s. MD

BCA

Binary collision

• Simple and high efficiency;
• Arbitrary 1D/3D structures;
• Accounting of electronic energy loss and
multiple- and plural-scattering;

Cascade/spike collision

• No limitations in nanostructure sizes, ion
energies, or availability of empirical interatomic potentials.
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• IM3D: Primary radiation damage under ion irradiation
IM3D: A 3D Parallel MC Code for Efficient Simulation of Primary Radiation Damage
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Y.G. Li et al., Sci. Rep. 5 (2015) 18130.

As accurate as SRIM
More efficient and universal

http://theory.issp.ac.cn/IM3D, MIT
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• IM3D: Arbitrarily complex targets based on CSG/FETM methods
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• Random rough surface model
•

FETM - Gaussian distribution
f ( Z ) ∝ exp ( − Z 2 2σ 2 ) , Z ∈[ −3σ , 3σ ]

•

Square mesh – a (50 nm)

100 eV D -> W
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Influence of surface roughness on ion retention
& sputtering of materials
•

Two Key factors:

Smooth surface – Incident angle

Roughness 3σ & Incident angle θ

Rough surface
– Incident angle
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• The ion radiation albedo effect
•

•

Both primary ion backscattering (1retention) and sputtering yields decrease
with increasing roughness, and increase
with more oblique irradiation angles.
It is mainly dominated by the direct, lineof-sight deposition of a fraction of emitted
atoms onto neighboring asperities.
W

Nishijima et al., J. Nucl.
Mater. 415 (2011) S96.

W

Rough peaks
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• Ion retention and sputtering of W with roughness surface
•

Primary ion retention rate:
R2 = 1 − η (α ) + R20 ⋅ η (α ) ⋅ Ps
Backsca+ering Nano-geometric
/ Shading eﬀect
eﬀect

•

Sputtering yield:
Y = A (α ) ⋅Y0 (α ) ⋅ (1− Ps )
Nano-geometric/ Shading eﬀect
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Summary
•

A new, sophisticated 3D Monte Carlo code (IM3D) and a random rough
surface model have been developed.

•

Both primary ion backscattering and sputtering yields decrease with
increasing roughness, which is mainly dominated by the direct, line-of-sight
deposition of a fraction of emitted atoms onto neighboring asperities.

•

Backscattering and sputtering increase with more oblique irradiation angles.

•

A simple analytical model is proposed to relate rough-surface and smoothsurface results.

•

There could be an additional positive feedback mechanism to promote the
dendritic growth of surface asperities besides the loop-punching and bubble
rupture mechanisms.
Ions

Outgoing atoms

Atom re-deposition
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• Comparison of IM3D and SRIM
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• Validation and Verification of IM3D
• IM3D vs. SRIM for bulk

Borschel et al., Nucl. Inst. Meth. Phys. Res. B 269 (2011) 2133.
Stoller et al., Nucl. Inst. Meth. Phys. Res. B 310 (2013) 75.

• Ion depth-distributions under ion implantation with different energies

• V depth-distribution predicted by full-cascade and Kinchin-Pease models
FC : KP ~ 2
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• Nano-energetic and nano-geometric effects
Ren et al., Phys. Rev. B 86 (2012) 104114.
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-- Volume
Vanithakumari et al., Phys. Lett. A 372 (2008) 6930; Ouyang et al., Nanotech. 19 (2008) 045709.
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et al. sputtering induced the bending of W nanowire
• IonCui
beam

213112-2

Appl. Phys

W

bending

W

fuzz

Cui et al., Appl. Phys. Lett. 102 (2013) 213112.
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Y. Ueda et al. J. Nucl. Mater. 442 (2013) S267;
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