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Challenges with tungsten in fusion 
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M.J. Baldwin et al.,
J. Nucl. Mater. 390-391,886 (2009)

S. Kajita et al., Nucl. Fusion 49, 095005 (2009)
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Incidence angle dependence and dual exposure 
He impact on tungsten  F.W. Meyer, 2013 

normal incidence 430 away from normal normal incidence exp. (1) 
followed by 430 exp. (2) 

•  The fuzz growth remembers the incidence 
angle 

               - So not totally random Incidence angle exp studies 
only possible using ion 
beam approach (currently)! 

2 1 He+ He+ 

•  Reduced tendril density after dual 
exposure 

 - Due to enhanced sputtering? 

Mass loss would have significant 
implications for W-based magnetic 

fusion devices (e.g. during disruptions, 
when incidence angle and energy can 

change) 
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Key MD observations of early stage He bubble evolution

•"Helium insoluble but highly mobile and can self-trap (at high 

implantation rates) due to strong He-W repulsion to form highly 

mobile, strongly bound helium clusters

•!Significant surface evolution through tungsten adatom formation, driven 

  by trap mutation and loop-punching as tungsten interstitials rapidly 

  diffuse to surface

•!As bubbles continue to grow at very high pressure, eventually rupture

gi(S#7/*@(BCDE(

Tungsten surface response to low-energy He exposure ng fa po rgy xp

2.5 µm
• MD* of 100 eV He implanted into W reveals formation 

and growth of over-pressurized, sub-surface He bubbles 

thru self-trapping, trap mutation, loop punching and bubble 

bursting that evolve tungsten surface (hillocks & craters) 

 # Qualitatively consistent with experiments** of W 

surface evolution following 60 eV He on tungsten  

 # Quantitative comparison requires evaluation of rate & 

scale effects (Γ:MD 1026 vs expt 1019; Φ: 1020 vs 1024) 

  

Molecular Dynamics model predictions

Experiment: Γ = 3x1019 m-2s-1

Φ = 3x1024 m-2

** Donovan, Buchenauer, Kolasinksi et al., SNL* Hammond & Wirth, UTK/ORNL
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Fusion nanomaterials activities in Prof. J.P. Allain s research 

•  Nanocrystalline tungsten work with in-situ TEM studying 
radiation resistant nanomaterials with Prof. Stephen 
Donnelly at the University of Huddersfield, UK.  

•  Prof. Allain to build IGNIS facility to study ion-induced 
nanopatterning on III-V systems at MNTL in collaboration 
with HZDR in Dresden, Germany(

In-situ plasma nanosynthesis 
validation(

8r_8!(

v8v)(

High-heat flux exposures of advanced extreme-
refined tungsten in collaboration with DIFFER 

•  In-situ diagnostics of plasma-exposed surfaces using the new 
MAPP system in NSTX-U scheduled for first measurements in 
FY 2015 campaign 

•  High-heat flux exposures of lithium-coated tungsten and 
extreme-refined tungsten showing self-healing properties after 
high-temperature large fluence plasma exposure(

wi3i(:,,+#%@(v8v)(



How fundamental can we allow the theoretical 
physics  of PMI to qualify it for an experimental 
validation? 
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Slabs studied: Periodicity in x-y 
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$ First operation of any tokamak with large area liquid lithium walls 

$ 2 m2 of liquid lithium coated wall; 40% of plasma-facing surface 

$ Very recent experiments employ a full 4 m2 liquid lithium wall 

Confinement with lithium walls on LTX  
exceeds ITER ELMy H-mode scaling 

LTX: 2 m2 liquid 
lithium 

LTX: 2 m2 solid lithium 

ITER98P(y,2) 

8

Experiments with partially 
passivated coatings 

!

#

%

ITER98P(y,2) ITE

Experiments with partially Experiments with
passivated coatings ivat

%  Energy confinement 
exceeds ITER98P(y,2) 
by 3-4 x 

%  Less than 1% core 
lithium concentrations 
measured, even with 
full liquid lithium walls 
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ELM-free H-mode induced by Li wall 
conditioning in NSTX (PPPL) R. Maingi 

•  Pre-Li, With-Li (260 mg), with-Li 
(700 mg) 

•  Lower heating power to avoid 
./+V#,#/O limit 

•  Lower ne 

•  Similar stored energy 

• Higher normalized energy 
confinement time 

• Higher radiated power fraction 

• Reduced divertor recycling, 
discharge ELM-free at higher dose 

D. Mansfield, JNM 2009; R. Maingi, PRL 2009
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Li multilayer 

Temperature (K) 

Li monolayer bonded to Mo 

Increasing 
Li dose 

MAPP probe end with four 
sample holders that can 

be heated independently 
JP Allain UIUC 

C.H. Skinner, A. M. Capece, J. P. Roszell, B. E. Koel,  

Em(

(!179+"$(."#$%"$(7$Y$+,.(G$/+#,.(29(<(7$/$%&2%(+%G(a#(W$�%-(

a#/*#14(.N7$+G#%-(

a#/*#14(

C(((((
(((((((

((BC
(

s4(

0+,.$("2,27(:1-$7(#4+-$(29(,#/*#14(.N7$+G#%-(2Y$7(

./+#%,$..(./$$,(+/(7224(/$4N$7+/17$((

n(7$,$Y+%/(/2(W$�%-(29(,#\1#G(4$/+,(30).(

=$4N$7+/17$(N72-7+44$G(G$.27N&2%(.*2W.(

2[O-$%(#%*#V#/.(9274+&2%(29(a#<(+%G(7$G1"$.(

/*$74+,(./+V#,#/O(29(<(#%(a#(',4.i(

<$1/$7#14(7$/$%&2%(#%(,#/*#14(

D$V(0YM)+(*$)/')&0'&()*Y#"*1)F('N/)#M)'(q(F+#'$&0$F)+('

,$G,(*'M)V$M"M'#"*1)F('+(MN(*)+"*(#'M)5'\('1()#$\/('

•  6#[$G(4+/$7#+,($X$"/.(#%(.179+"$(7$G1"$(-72..(
$72.#2%(

–  )2%Y$7.#2%(/2(a#<(G$N7$..$.($\1#,#V7#14(a#(Y+N27(
N7$..17$(

–  a#<("2%"$%/7+&2%(%$+7(.179+"$(,$+G.(/2(N7$9$7$%&+,(
<(.N1`$7#%-(

–  :G+/24(G+4+-$(+%G($72.#2%(42G$,(7$N72G1"$.(O#$,G(
.+/17+&2%(

•  _$+75.179+"$(/7+NN#%-(7$.1,/.(#%(,+7-$(
7$G$N2.#&2%(97+"&2%(+%G($[/$%G$G(,#9$&4$(29(
/*#%(IDR4L(a#(,+O$7(

EE(

a#58($4#..#2%@(/JBiK.(

=+7-$/((

=oPCC)(

_$1/7+,(<(

$4#..#2%(

_$1/7+,(a#($4#..#2%(

3,+.4+(

a#(=7+NN#%-(

DC(44(

:V7+4.(BCDE(

3*<(

6i(w+W27.j#(

BCDE(3!8(

New electron beam-based lithium deposition 
system on LTX (D. Majeski, PPPL)  

Inner heated high-Z shell (explosively bonded SS on copper) 
 2014: Fast (5 minutes for ~1000 Å) Li coating via electron beam evaporation 

Electron gun 

1-2 kW 
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Beam trajectory 
in guide fields 

Lithium 
pool 

Electron beam 
magnetically guided 
to lower shell lithium  
reservoir 
 
Second e-beam 
evaporator produces 
full (4m2) coating of 
liner with liquid  
lithium  

7

Beam system is mounted 
on upper vacuum vessel 

Why  PLASMA-MATERIAL INTERFACE 
      is such an important problem? 

9:;<=>?@<6'

All energy from D-T fusion reactions passes through first wall 

Vac.

Superconœ
ducting 
magnet 

Shield Blanket

Turbine  
generator

Plasma

a

Plasma heating 
(rf, microwave, . . .) 

Schematic magnetic fusion reactor 
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•   Flux of (particles + heat + 14 MeV neutrons) ~10 MW/m2 
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How to build an effective 
science for PMI? 

Why science? Isn’t it engineering? 

27(

r1#G#%-(N7#%"#N,$>(

 If Edison had a needle to find in a haystack, he would proceed at 

once with the diligence of the bee to examine straw after straw 

until he found the object of his search… I was a sorry witness of 

such doings, knowing that a little theory and calculation would 

have saved him 90% of his labor.  

–Nikola Tesla, New York Times, October 19, 1931 

The traditional trial-and-error approach to PMI for future fusion 
devices by successively refitting the walls of toroidal plasma 
devices with different materials and component designs is 
becoming prohibitively slow and costly 

Need bottom-up approach arising from the fundamental 
atomistic and nano science 
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Why bottom-up science? 
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Probing the PMI requires integration of many experimental and theoretical  

techniques spanning orders of magnitude in time, length, and energy scales 

 

e.g., Rutherford backscattering, 
elastic recoil detection 

e.g., low energy ion scattering, 
x-ray photoelectron spectroscopy 

      e.g., secondary neutral mass spectrometry 

e.g., quartz crystal microbalance 

Monte-Carlo techniques 
Diffusion; transport 

)217/$.O(29(wi3i(:,,+#%(
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Classical MD is only as good as the interatomic potential model used  

Most advanced: hydro-carbon potential developed for chemistry 
•  Brenner, 1990 , 2002 : REBO, short range, 0.2nm 
•  more sophisticated AIREBO (Stuart, 2000, 2004, 1.1 nm)  
•  > 400 semi-empirical parameters, “bond order”, chemistry 

EX: MD calc. of reflection coeff. 

• Significant sensitivity to changes 

in potential model for some 

processes 

• Experimental validation essential to 
establish credible MD simulation. 

•  Interatomic potentials for W, Be, C 
exist (Nordlund, Juslin (W,H,C<He) 

• Experimental validation? So far good! 

Adaptive Intermolecular Reactive Bond Order (AIREBO) potential : torsion, dispersion, Van der Waals, 

84N72Y$4$%/.(/2()H(N2/$%&+,.(G2%$(IA$%/($/(+,@(BCDCL(

_$W(a#5)5H5q(N2/$%&+,.(V$#%-(G$Y$,2N$G(I<+G7+.($/(+,@((

(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((BCDCL(

e$#%*2,G($/(+,@(_1"i(8%./7i(6$/*i(g(BQP@(Q{D(

IBCC{Li(

) potential : torsion, dispersion, Van der Waals, 

@%EF('+,('N*%\/(M'Q$+,'=P>Du(

If PMI is so important why it took decades to 
have its importance recognized? 
 
Off-hand: Because it is too difficult? 
Then, why is PMI so difficult problem? 

Answer: Interfacial physics, “when the two  

worlds meet” : traditionally the most  

challenging areas of science 

 

Dynamical surface communicates 

between two worlds: Plasma and Material  
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PMI has many fundamental processes & synergies 

elastic reflection 

implantation 

re-emission &  
sputtering &  
chemistry 

trapping/detrapping 
retention 

Plasma Material 

diffusion, permeation 

Give rise to synergistic effects 

         Damage Effects: 
Vacancies, bubbles, blisters, dislocations, 
voids, neutrons? 

Drivers: 
Multi -T, -n, -species,  
plasma irradiation, 
neutrons 
sheath acceleration 

Erosion 
Ablation 
Melting (metals) 

Re-deposition 
Co-deposition 

When an ion or neutral arrives at a surface it undergoes a series of elastic and inelastic collisions 

with the atoms of the solid.(

58 

Materials exposed to plasma are modified, resulting in a “dynamical” surface  

6$O$7($/(+,@(
BCCl(

Methane sputtering requires H loading of the surface 

Plasma irradiation results in a different surface 

Deuterium impact of carbon 

!179+"$(427N*2,2-O(

)*$4#"+,(.N1`$7#%-(29(*OG72"+7V2%.(Amorphization depends on penetration depth rather 

than of deposited energy 
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Chemical structure (hybridization sp/sp2/sp3)   of surface 
evolves under hydrogen bombardment 
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“dynamical” surface  
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How to validate theory with experiments (and vv)  
at the PMI interface called “surface”? 
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Beam-surface exp’t: precision control of projectiles & targets . . . 

. . . enabled development & validation of MD approach  

6$O$7($/(+,@(3*O.i((!"7#N/+((IBCCPLx(

A7.&"($/(+,@(_w3(IBCCPL(

Remarkable agreement of theory & exp’t 

when simulation mimics exp’t. No fitting 

parameters!'' 
Key: simulation prepares surface by bombardment! 
•  Fluence (not flux) like that in experiment 
•  Type, internal state, energy, angle as in exp’t 

What have we learned from the “next door” 

beam-surface experiments? 

Beam-surface experiments: 
Prepared beam & target 
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But once validated 
Theory can Provide a New Physics not accessible by Exp. 

Ejection energy Ejection temperature 

Functions of hydrocarbon mass and impacting D energy 
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Because of synergy in the evolution of surface irradiated by plasma   

H alone H alone e Ar+
 alone 

Hopf & von Keudell, 2003 

H and Ar+ 
Ion flux = 3.5 * 1012 cm-2 s-1 

H flux = 1.4 * 1015 cm-2 s-1 

physical 

Experiments with Ar+ and H: 
•  Sputtering = (chemical) + (physical)‏ 
•  Surface preparation by H impact for 

chemical sputtering 
•  Impurity atoms in plasma are efficient 

precursors for erosion 
•  PM processes very dependent on 

inventory of H in the material 

He suppresses H retention in W 
•  He penetrates deeper than H 
•  Strong dependence on energy 
•  He bubbles: barrier to H diffusion? 

He: 0.1% He: 0%   

T=653 K 

ei(<2$7%$7($/(+,,(+%G(2/*$7.(
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      With plasma irradiation: 

Reflection significantly higher than 

with beam,  

But  sputtering is suppressed !!! 
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What is outreach of the PMI science  
at the plasma facilities? 

Difficult to study PMI in thoroidal facilities ! 

 

Importance of the dedicated PMI facilities 

Pisces-B, Magnum, !) = Bridge!!! 

                                  or 
 Is there a need for dedicated PMI plasma facility? 
     Answer is obviously “”YES”! 
      What do we want to do with it? 

Beam-surface experiments: 
Prepared beam & target 

MD and MC  
with plasma  

synergy, 
continuum 
approaches 

ITER, 
DEMO 

Molecular Dynamics (MD)  
& Monte Carlo (MC) 

simulation 

PMI 
Design  & 
Qualification 

High-flux linear PMI experiment:  
Well-diagnosed plasma & target  

QuickTime™ and a
 decompressor

are needed to see this picture.

Toroidal confinement experiments 

Potential models 
Quantum-classical MD 

Increases in   
computational 

power 

 Integration of theory & experiment⇒ basis for PMI research 

Material 

Science
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“State of the Art” Plasma 

Simulation Codes Use Rudimentary 

PMI Models 
•  !qa3!(J(gB(IB5<(h1#G(N,+.4+(/7+%.N27/L(t(;8e;_;(Im5<(j#%$&"(

%$1/7+,(/7+%.N27/L(1.$G(/2(.#41,+/$(w;=@(G$.#-%(8=;e@($/"i(
–  e$h$"&2%@(N*O.#"+,(.N1`$7#%-(G+/+(9724(=e86(Ig):L("+,"1,+&2%.@(

–  v.$7(.N$"#'$G(+V.27N&2%("2$M"#$%/.@(

–  ;4N#7#"+,(27("+,#V7+/$G("*$4#"+,(.N1`$7#%-(O#$,G.i(

•  v;<r;(IB5<(h1#G(N,+.4+(/7+%.N27/L(�(}r)(Ij#%$&"(N,+.4+(
/17V1,$%"$(�(/7+%.N27/L(1.$(.N$"#'$G(7$"O",#%-("2$M"#$%/.@(
–  )+%(V$("21N,$G(/2(<;r:!(B(j#%$&"(%$1/7+,(/7+%.N27/(/2(1.$(=e86(

7$h$"&2%(G+/+i(

•  368(G2(%2/($Y2,Y$(#%(7$.N2%.$(/2(N,+.4+( (%2("2%.#./$%/(
.2,1&2%(/2(N,+.4+54+/$7#+,(.O./$4i(

•  e$N,+"#%-(W#/*(GO%+4#"@('7./((N7#%"#N,$.@(41,&5."+,$(42G$,>(
–  )2%.#./$%/(/7$+/4$%/(29(<(7$/$%&2%(�(7$"O",#%-@(

–  !179+"$(427N*2,2-O($Y2,1&2%(/*721-*($72.#2%(�(7$G$N2.#&2%@(

–  A#%$&"("*+7+"/$7#Z+&2%(29(#4N17#/O(.217"$.@(

–  ;/"i(
DBTmDTDE( PD(

9")/$+5')##"*)&F('$&'`D>_'



What is Uncertainty 

Quantification?(

• Propagate uncertainties in input variables, 

parameters and models to quantify effects on 

output metrics(

– Essential for incorporating outputs of physical 

models into engineering design/decision processes(

– Guides research activities and investments(

– Rigorous derivation of coarse-graining schemes(

Inputs x(

(observables, parameters,(

initial conditions, model, ...)(

Computational (

model f(.)(

Outputs f(x)(
(metrics, failure probabilities,(

decisions, design points,...)(

Total uncertainty: input + modeling + numerical + statistical(

•   Aleatory uncertainty: inherent or irreducible (e.g., radioactive decay)(

•   Epistemic uncertainty: reducible in principle (e.g., incomplete models)(
PE(

“Interplay” of transport and inelastic processes 
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Community Agitation (
• UQ is widely applied in engineering(

– e.g., nuclear reactor design, construction, ...(

• and a few science domains, e.g., climate(

• but is largely absent in the physical sciences(

– a few groups are pursuing this, but it needs to 

become pervasive(

• Workshop on UQ in physics/chemistry (
– Organizing committee so far: Gordon Drake, Petr 

Plechac, Daren Stottler, Bas, PK, RJH(

– Bring together mathematicians + scientists(

– Proposed for late spring(?) 2015 in/near NYC(
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 Many thanks to PMI close collaborators: 
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beam plasma 

Our thanks to John Hogan (FED, ORNL) 
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