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=" «» Motivation: why do we want to
P "6'

know?

. ® .~ Multiscale model to approach the

= problem of electrical breakdown

+ Plasma onset due to the
external electric field

+ Plasma simulation
+ Surface cratering

~ Our understanding of electric

field effect on metal surface

« Summary
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© WEATHERPIX
Why do we want to know?
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How does all start?



i What is our object? - 2 100.150

MV/m

” _'.}(:,06'\ Main goal: solve the puzzle of

electrical breakdown in the CLIC
. Rf-accelerating structures for
"o  COmponents at rf-fields CLIC and damage observed

\ during the operation.

« Current goal: look closely at

“What happens if there is no DC setup
. 3 at CERN for
magnetic component of the field investigating
> electrical
VEt . breakdowns

(Electrostatic approach)

~ Global goal: find the true
mechanisms governing the
material response on effect of
electrodynamic fields
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Electrical Breakdown in
multiscale modeling approach

Stage 1: Charge distribution @ surface
Method: DFT with external electric field ~few fs

L

/:' ' Stage 2: Atomic motion & evaporation
\ +
ST Joule heating (electron dynamics) ~few ns
Method: Hybrid ED&MD model (includes
Laplace and heat equation solutions)
~ sec/min ~ sec/hours
Stage 3a: Onset of tip growth; Stage 3b: Evolution of surface
Dislocation mechanism . morphology due to the given charge

Method: MD, Molecular Statics.. distribution

il

4mMmnZ0 >2=T0Xr

N Methoa’/:Kinetic Monte Carlo

[Stage 4: Plasma evolution, burning of arc ] ~10s ns

Method: Particle-in-Cell (PIC)

I

rStage 5: Surface damage due to the
intense ion bombardment from plasma
Method: Arc MD

~100s ns

ot
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Stage 1: Charge distribution @ surface 1

Stage ] DFT Method for‘ [Methoa’.‘DFTwith external electricﬁékj

= charge distribution in Cu crystal )¢
,LF":’: ‘
Eﬁ% ~» Writing the total energy as a functional of the “b
—~ electron density we can obtain the ground state
| @ energy by minimizing it

E'p(r) =T p(r) + [V (r)p(r)dr +%Up|(r1)p(r|2)drldr2+Exc A(r)
rl_rZ

~ This information will give us the properties we want
» Total energy, charge states (as defect energy levels)

Energy convergence
test
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(Stage 2: Atomic motion & evaporation

: Stage 2 Hybrid ED&M D Joule heatingtelectron dynami

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

\_
“ie «» Atoms move according Molecular dynamics algorithm, solving

.o —
—

F =
r =——;F ==YV (r)
m

Newton equations of motion

at

~ But in ED&MD hybrid code F = VYV (r,) * F, +F_
for surface atoms as due to the excess or depletion of electron
density (atomic charge)

G EOE

5 Gauss law loc is applied to calculate the charges;

= E, . is a solution of Laplace equation

Thus, the motion of surface
atoms is corrected due to
the pulling effect of the electric field
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Stage 2: Partial charge induced on the
‘ surface atoms by an applied electric field

Laplace solver time 4.06

Laplace solution

(A) (B)

‘‘‘‘‘‘
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"""""""""""""""""" T. Ono et al. Surf.Sci., 577,2005, 42
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. Short tip on Cu (100) surface at the

- electric field 10 V nm™!
(Temperature 500 K)
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Epor(eV)
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Stage 2: Validation of the model
Potential energy of an evaporating atom from
adatom position on W (110)

We validate our model by the comparison

4 —T 1 T T
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— 0.0 VA

- (A) 0 of potential energy of an atom evaporating
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. Stage 2: What about
¥ electrons?

At this high electric fields the field
emission is non-negligible

s phenomenon.
. @ .
. = Electrons escaping from the surface

with the significant current will heat
the sharp features on the surface,
causing eventually their melting.
~ The change of the temperature
(kinetic energy) due to the Joule
heating and heat conduction
calculated by 1D heat equation
SIgean) 2SI NS e BEGR)S
Ot @O C

\ \
More details at Poster by Stefan Parviainen
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(Stage 2: Atomic motion & evaporation

\.

Joule heating (electron dynamil

Method: Hybrid ED&MD model (includ‘h
Laplace and heat equation solutions)

+
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Stresses due to the field

~ While making the simulation of the atomic motion under an
electric field (high values) we notice the significant expansion

of the surface. This observation led us to think on the effect
of the pressure. The pressure can be not only due to the
applied filed, but also of a different nature. However,
redistribution of any present stresses may be caused by the
field

STRESS 1

= F2/Y B R e R e
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»
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Stage 3a: Onset of tip growth;
Dislocation mechanism

Step 3a: Are tiny whiskers | settod:wo, molecutar;
possible?
}__eé’s There is a number of mechanisms which

g 4

might make the dislocations move coherently
causing a directed mass transport, thus

C' forming a whisker growth. We are looking for
" the most probable at our condition.
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Aarne Pohjonen and Flyura Djurabekova (2009) ‘g;z;

Talk by Aarne Pohjonen in the afternoon
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http://upload.wikimedia.org/wikipedia/commons/3/39/Cats_whiskers.jpg

Is it only cohesive energy we
can see a correlation with?

~ The dislocation motion is strongly bound to the atomic structure
of metals. In FCC (face-centered cubic) the dislocations are the
most mobile and HCP (hexagonal close-packed) are the hardest
for dislocation mobility.
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. Step 3b: Kinetic simulation[znfi?sgiﬁ’;éﬂﬂi‘?ﬂSf;;{iiﬁe
. of surface diffusion under { emo cineric wore can
* the electric field

il? ~ We initiate new activity to simulate long

> o term processes (surface diffusion, ) O)
e electromigration) D, <>/¥

~ Energy barriers calculated by ED&MD V;
simulation will be introduced into KMC

code to assess the probability of the \g@

atom/defect cluster jumps O
E_ )
r — VO expk_ el J A
kKT A

Ep(eV)

« Time is calculated according to the
residence-time algorithm

Initial lattice site {
final lattice sit
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s Stage 4 plasma ; [j:?:o‘;i:‘ri:;i’-i‘:i'g:ﬁ?;)llgminq of arc ]
. formation and evolution |

« 1d3v electrostatic
PIC-MCC code
developed for plasma
simulations

+ Resolving the main
stream of plasma
+ Areal densities of

physical quantities
« T0 have a direct
comparison with
experiments, we
adjusted simulation
parameters to the DC

Next talk by Helga Timko setup at CERN
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Step 5: Huge fluxes (1024 ion
. Cm-?sec’) of accelerated ions | iae o bombmariiint
~  cause severe surface damage \Zfexic™

: lO xes leqve rims of peculiar shape
Lot
5 ‘Tl;%::' Spark surface damage, 100 ions, DC energies, on r = 15 nm spot
time 1 ps
Energy (eV)
* 0.005-
Q * 0.0133-
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* 0.0933-
* 0.247-
* 0.656-
* 1.74-

= 462-

= 12.2-

= 32.5-

* 86.2-

= 229-

* 606~

= 1610-

® 4260-

® 11300-

rerklep ENF/MME/MM

:19 Feb 2009
S5Dvg1Cu.5-02.tif
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Cu (100) bombarded by DC arc ions:
® = 5.66x10* cm2 sec?, E ~ 8 keV

MD simulations of surface bombardment on a given area A
lon flux and energy distribution corresponded exact/y to that from
PIC simulations!

Flux of ~10%>0on eg. r=15 nm circle => one ion/20 fs!!

time 1.07 ps time 1.07 ps

Energy (eV)

0.005-
= 0.0133-
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= 0.0933-
# 0.247-
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* 606-
* 1610-
® 4260-
® 11300-

Kai Nordlund (2008)

Flyura Djurabekova, HIP, University of Helsinki



Comparative simulation of arc
ion bombardment and thermal
deposition of energy (no ions)

PIC energy distribution Thermal heating only

time 0.0041 ps time 0.0041 ps

@ 20- @ 20-

© 28.12- © 28.12-
© 36.25- © 36.25-
© 44.38- © 44.38-
© 525- ©525-

© 60.62- © 60.62

© 68.75- © 68.75

© 76.88- © 76.88

© 85- © 85-

© 93.12- © 93.12

< 101.2- < 101.2

< 109.4- © 109.4

o 117.5- o 1175

L 1256 L 1256

L 133.8- L 1338

© 141.9- © 141.9-

X (-570 - 570) y (-60 - 740) z (-570 - 570) Helga Timké (2009) “ X (-570 - 570) y (-60 - 740) z (-570 - 570) Helga Timké (2009)
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. Step 5: Plasma-surface interaction

‘*. Crater formation

encouraging (scaling

The comparison of simulated
and experimental craters is

law is

necessary at the moment)

Surface height [im]

0.1

0.0

-0.1

— Expt. 1x0.2
[ —— Expt. 2
Expt. 3

=== Sim. 1, plasma ions x40
=== Sim. 2, plasma ions x30
1"" ?'m-.a'tl’e”l‘m t‘ea ng>.<40| 1 2 1 ~ 1 2 1

2.0 -5 -1.0 -0SEENGTORENGTE ARG RIS B
; oordinate [pm]

[H. Timko, F.
Djurabekova, L.
Costelle, K. Nordlund,
K. Matyash, R.
Schneider, A.
Toerklep, G. Arnau-
Izquierdo, A.
Descoeudres, S.
Calatroni, M.
Taborelli, and W.
Wuensch, Phys. Rev. B
(2010), accepted
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Step 5: Mo as a new material to
investigate the craters

prjdiv

Fa 187 4 niin

Bp 9565 rm
Rq; <7.23 am Height Profile Rv.-142.41m

15007

0,00

[ [ |
.00 100 4.00 pan
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Crater profiles: Mo cluster
bombardment E = 8 keV/atom

N = 100 N = 1000

time -1e-30

zoomed 200%

[T

1.2 Macroscopic saturation level
8 0 J P S S S — | ST T W ST T T T T
5000 10000
N
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: Summary . @“

s,
&Eieé Multiscale modeling gives clear insight to the ongoing

. processes on the surface at high electric fields

~ We suggest a probable scenario of triggering of a tip
growth: Voids may serve as efficient source of dislocations
for the mass transport to the surfaces!

~» Modeling of DC electrical breakdown can shed the light
on the metal surface response to the electrical field effect
also in case of rf electrical breakdown

~ Simulation of craters created by formed plasma reveals
the dependence between energy deposition and crater
shape.
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