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: Future of energy su f)ly suffers

- R
from tiny problems
ol «& Arcing occurs in fusion reactors:
“f‘f@‘ > egions in direct contact with the plasma such as
AN the divertor
(&)

> IONn not in direct contact with the plasma such as
the limjters

Arc is a significant source o} W ae | S RS R
erosion of first wall materia| | Z% | Wit 7 & =
and has even been reported| [/ 3% By 1%
to remove limiter coating
layers entirely!

Matter flying from the wall
into the plasma in an arc
can disrupt the normal
operation
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. 'Multiscale model to simulate «smscn renmn,1sss
electrical breakdown

= : i

ﬁ Stage 1: Charge distribution @ surface L. G .9 . ,
ﬁ Method: DFT with external electric field ~few fs

1§

(Stage 2: Atomic motion & evaporation

+ ~
Joule heating (electron dynamics) few ns

Method: Hybrid ED&MD model (includes
Laplace and heat equation solutions)

s

~ sec/min ~ sec/hours
Stage 3a: Onset of tip growth; Stage 3b: Evolution of surface
Dislocation mechanism morphology due to the given charge

\ distribution

Method:MD, Molecular Statics.

N Meth?inetic Monte Carlo

rStage 4: Plasma evolution, burning of arc 3 ~10s ns

Method: Particle-in—Cell (PIC)
\ J

Il

rStage 5: Surface damage due to the
intense ion bombardment from plasma
| Method: Arc MD
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J Tools in use:

_ $e
Gt . . : :
t:&:‘;f:g 5 In our group we use all main atomic-level simulation
130y methods:
(& ~ Density functional theory (DFT)

structure of atomic system
~ Molecular dynamics (MD)
| + Simulation of atom motion, classically and by DFT
; . | __ .~ «sKinetic Monte Carlo (KMC)
[l e " + Simulation of atom or defect migration in time
~ Simulations of plasma-wall interactions

+ Simulation of plasma particle interactions with
surfaces
~ We use all of them to tackle the arcing effects!
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External electric field in MD
s simulations

Macroscopic field to...

surface = gOE
A

Due to the external electric field the
surface attains charge

Two electric forces modify the motion IIIHIIIIIIII.II
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Solution of 3d Laplace equation for the surface with
the tip of 20 atomic layers, mixed boundary condition

time 4.06 Charge, e
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Atom/cluster evaporation from Cu(100)

@ 500 K, E, ~ 1 GV/m

time 0.0041 p
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Evolution of a tip placed on
Cu surface
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F. Djurabekova, S. Parviainen, A. Pohjonen and K.
Nordlund, PRE 83, 026704 (2011).
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« Follow evolution of the
surfaces by calculating the
partial charge induced on
metal surface atoms

~ The dynamics of atom charges
follows the shape of electric
field distortion on tips on the
surface

~» Temperature of the surface
is sufficient, atom evaporation
enhanced by the field can
supply neutrals to build up the
plasma densities above
surface.



> | DFT calculations to validate the
- charges on surface atoms

~ DFT details:

» Code: SIESTA

» For exchange and correlations
functionals the Perdew, Burke and
Ernzerhof scheme of Generalized
gradient approximation (GGA)

» Slab organized in 8 layers+ 8
layers of vacuum

> External field is added to calculate
the electrostatic potential in the

2 affRRRR04 vacuum
P EERARRR O (E3iE s n,

Ilo ¥ "’:’:::.::‘ 4 cit R

Ll s 557 Single adatom ['wo adatoms
© 00
§§E slnm - 1 -
£ 50 DFT ED-MD DFT ED-MD
$:i
£3% Partial Charge,q. -0.032 -0.0215 -0.025 -0.0177
g
® 0.0%us1-

AR goé — 553x10% % &S o= Quur =5.49x10" %
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. R Cu(100) Cu(110) Cu(111)

30 40

distance [Bohr] ¢ LDA [27] 4.898 4.708 5.170

¢ (exp) [15] 4.599 4.490 4.980
¢ GGA (our calc.) 4.612 4.291 5.185

Electrostatic potential(eV)

— pol Hsuriaos wilh od \
Neutral atom ial(surface with adatom

Sistancme(Bth ) )
Cu(100) Cu(110) Cu(111)

Ad(adatom on small surface) 0.427 0.121 0.414




: Fowler-Nordheim approximation
: for field emission

La7 . s Every atomic column produces the current dependent on the field

above the column. The current from the tip is an average over all the

0 | columns. J (E,T | ¢)

3, (E, ¢)—%e p( 2 ]

_ zk,T1d, (E,¢)
B0 = G GekT ) 1 (E. 9)

Fowler-Nordheim
constants:

araaraneaany
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The heat conduction from the tip
has been implemented into MD

Lol The heat conduction from the tip has been implemented into
"""’w PARCAS by solving the heat conduction equation
o 5
O T Yl 5 0T (X,t)
TN =—| p(T(X1))IX)" + K, (T)——;
o DL 5@ X
’ : : T, K
Here C,, volumetric heat capacity. 100-
Phonons are implicitly present in éié:
classical MD. In the equation we include 5332_'5.
625~
only electron thermal conductivity given $ L5
5 @ 887.5-
by the Wiedemann-Franz law 8 o7
|l @ 1%
K (T)=— s

p(T)

Where Lorenz number is found as
L= (7°/3)(k3) =2.443x10"° WQK™

S. Parviainen, F. Djurabekova, H. Timko, and K. Nordlund,
Comput. Mater. Sci. 50, 2075 (2011).
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. Recent experiment at CERN (CLIC)

GO « The dislocation motion is strongly bound to the atomic structure
\&j@f of metals. In FCC (face-centered cubic) the dislocation are the

: most mobile and HCP (hexagonal close-packed) are the hardest
P for dislocation mobility.
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http://www.everyscience.com/Chemistry/Inorganic/Ionic_Solids/.images/hcp_unitcell.gif




Concurrent ED-MD simulations of
dislocations on a near-surface void

« Half-void of diameter 4nm in {110} Cu surface. (N of

atoms~ 170000 atoms...)
s E0=22 GV/m (exaggeration is required to simulate the

dislocation within the MD time span)
s T =600 K

Boges mm.w:‘nmau;m*wm-mm-uwm“m.“.wmm
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. Dislocation reactions on a near

: surface void
s . | .
LERe ~ A screw dislocation placed so that it
bt intersects the void on a side,
: showed a cross-slip behavior
&) leading to the atom step on the

surface. This mechanism eventually
combines with the previous
mechanism, but to ignite this
process less stress is required (in
our simulations 1.7 GPa against 3
GPa).
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From tips to plasma:
From FE to discharge currents

« In real life we can observe the full dynamic range of a
vacuum discharge:

» > 10s pA in ‘weak’ FE phase
» Space charge limited ‘strong’ FE phase, typically ~ nA - uA
» Discharge current, upto 10 - 100 A

« At the same time, the involved area changes:
» Typically 1029 - 10-'* m? for weak FE = R, ~ 0.1 - T00 nm
» During the discharge, the bombarded area has R ~ 10 - 100

o Discharge Cu* 10s um

-

FE &T} il l HTHETTH |
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«w | Plasma evolution

Corresponding to experiment...

Up to now we have Cathode | o, [ Anoce
electrostatic PIC-MCC codes: —=-® Q o 4
M e "
1d3v ) 204m

nm

the 2D-model —/— (9 @ -

Provide us with a link between

1. Micro- & macroscopic surface processes: Triggering
(nano-scale) —» plasma — crater formation (visible
effect)

2. Theory & experiments: Using reasonable physical
assumptions (theory), the aim is to predict the
evolution of measurable quantities (experiment)

H. Timko, K. Matyash, R. Schneider, F. Djurabekova, K. Nordlund,

A. Hansen, A. Descoeudres, J. Kovermann, A. Grudiev, W.

Wuensch, S. Calatroni, and M. Taborelli , Contrib. Plasma Phys. ¥
51,5-21(2011) 3w
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Processes included in
plasma simulations

Cathode, 0 V

‘Flat’ cathode
surface, e
emission

enhanced by
Pe

FE tip, e emission

enhanced by 3,

|

o can be ‘eroded’
and ‘molten’ to 3
above a given jpe®

e FE from Anode, 5.8 kV

a flat |
/" (ew) \
Cu*, E> | @

surface
«— | 100eV |/ I
(o)

Cu*, C/,
e FE, Cu &)
evaporation

SEY=const.,enhanced Y above Experimental sputtering
@, based on MD simulations Y (Yamamura & Tawara)

20 pum, 290 MV/m
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o Observations

l ‘ « Fully cathode dominated phenomenon
=== | | . Although FE starts from a small area, the discharge

plasma can involve a macroscopic area on the cathode

2 % lransitions seen:;

1.06 ns l ' 1. Transition from strong FE to a small discharge plasma
| ‘ - Sudden ionisation avalanche
B | = - A plasma sheath forms, the plasma becomes quasi-
{ neutral
—— - Focusing effect
l 2. Transition from a surface-defined phase to a volume-
2

defined phase

| - When neutrals fill the whole system
’ - Self-maintaining

L - Macroscopic damage

Flyura Djurabekova, HIP, University of Helsinki 23



Huge fluxes of accelerated ions are the

reason for surface damage

lon fluxes leave rims of peculiar shape

Damage caused by thermal heating in Cu, 100 ions, on r = 15 nm spot DC arc plasma damage in Cu, 100 ions, on r = 15 nm spot

time 0.0041 ps time 0.0041 ps

Depth (&) Depth (A)

& 75- & 75-

® 79.7- ® 79.7-

*® 84.4- = 84.4-

® 89.1- ® 890.1-

® 93.3- ® 93.8-

® 98.4- ® 08.4-

® 103- ® 103-

® 108- ® 108-

® 112- ® 112-

® 117- ® 117-

® 122 ® 122

. 127- . 127

® 131- ® 131-
136- * 136
141- 141
145- * 145

Helga Timks (2009) “ X (-600 - 600) y (-50 - 750) z (-600 - 600) Helga Timké (2009)

“’x (-600 - 600) y (-50 - 750) z (-600 - 600)



AFM measurements of single
ark event, produced at CERN

Top left: tilted SEM image (CERN)
Top right: tilted AFM (atomic force microscopy)

Below: simulation images coloured with respect to the height of
surface topography
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Summary

~ We develop a multiscale model, which comprises the
different physical processes (nature and time wise)
probable right before, during and after an electrical
breakdown event:

> All the parts of the general model are started in parallel. We
start, continue and develop intense activities to cover all
possible aspects.

« Most recently our modeling has shown:
> The trigger of the sparks is explained by plasma discharge;
> Plasma is fed from the tips grown under the high electric field

> Tip growth can be explained by the natural relaxation of
stresses inside of material by the dislocation motion
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