Characterization of wall response to plasma fluctuations in

fokamak

J.Guterl!, S. Bri
P. Snyder?

1Oak Ridge Associated Un:vers:hbs USA
?General Atomics, San Diego, CA USA i
3 University of California, SGmeege CAUSA

s ;J
i [ R

‘(

Materials and Comporﬁents 1 *

I

[
[
!

a
|
3l
{
|

May 20-24, 2019 + Eindhove "

[}
NATIONAL FUSION FACILITY



Plasma boundary conditions in SOL provided by dynamic hydrogen recycling

from PFCs governed by complex and multi-faceted material processes

« Hydrogen retention and recycling in PFCs Heat flux Particte flux Neutron flux
governed by various complex and & o "' r® 4
multifaceted atomic processes in material @ wedsopin o e -
bulk and on material surface dust @ saturation M 3
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* Various plasma regimes in Tokamak scrape- 333 gooamespcesgeeses =
off layer with transient features (fluctuations, .}S’" *‘:::::m T
ELMs,...): PFCs exposed to a broad range of ~ °2>#€0he o5 °'v:i:s":u:b:,:'""z;,:o:;magmg
plasma conditions fluctuating in time

 Example of synerg_e’nc effec’r§ be’rwgen Fusion world Atormic world
plasma and H recycling: Re-healing of giant  sace ~ 1m = 1mm  1um  1om 1A
ELMs determined by wall outgassing, Which — fme 1 1w 1 1 1s 1ms 1us  1ns 1ps 1%
conftrols giant ELMs frequency 3 Y ¢« (" Continuun (

| physics

« Infegrated modeling of PMI  using g Boutes e W “, 3
macroscopic plasma models and atomic g EIRENE\°"‘°_"’“,’,L"°""“’S 1°°°Es: ',,-‘
wall models virtually impossible due to the '\React::d«;-gus@; 1

- R

multiscale nature of PMI

Reduced continuum models of hydrogen retention and recycling (e.g. FACE',
Xolotl?,...) must be developed to describe dynamic wall recycling and provide time-
dependent boundary conditions for plasma solvers (SOLPS, BOUT++, ...)

2 I'R. Smirnov Fusion Sc. Tech. 2017 2S. Blondel FTS 2017 3 A. Pigarov JNM 2014



Characterization of wall response using reaction-diffusion models in conjunction

with first-principle atomic modeling

« Splitting between plasma models and wall models possible when considering linear wall
& plasma responses!

_____________________ a .
| Impurity seeding, | plqsmd wall —> long-term retention |
i gaspumping/ + N TRTRII AT
. puffing plosma lin, Qin | Wall response Cr, T
L W(Finr Qin' Ck» T)
core
| «— SOL plasma I
plasma \_ l-‘outr Qout Y,

* Fully coupling plasma and wall models however requires to develop an advanced
numerical framework — we focus solely in this work on the analysis of the wall response

« Atomic and macroscopic modeling of H transport, reaction and desorption processes
must be combined to describe hydrogen recycling from PFCs (wall response)

4 characterization of wall response I
Fin, Qin —  wallresponse W(liy, Qin o T) > Tout = W(Tlin, Qin)
Reaction-diffusion equations (FACE?)
% = transport + trapping + detrapping + source
dc

d_ts = desorption + bulk < surface

- 1'S. Krasheninnikov PoP 2018

3 First-principle atomic modeling of material 2r.smimov st 2017




Modeling of tungsten wall response in ITER relevant conditions

« Confinuum models of hydrogen retention and recycling - and thus of wall response —
include hydrogen transport, desorption and trapping in material in various regimes

Reaction-diffusion equations

ocy _  Och ) | aCH,trap T'H,in
aT = 0x? aT A
bulk: {, e
CCH tra
jtrap __ _ _
o Vir CH (Ctrap CcH_trap) Vs e g

d
surface: a—f;f = —Kc% + Ky_s o — Ko Cs

vacuum
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CHo
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n layer

surface

tungsten in ITER relevant conditions:
— W divertor temperature from 500K to 1400K

— W divertor exposed to DT flux Iy, ~ 10**m~%s~1
— High recycling regime T, = I out

— Second order kinefic: a = 2

Focus on wall response induced H recycling and retention from

H molecular recombination and desorption from W:

H inW

o ST
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E, = 1.4 — 1.6eV

=
=

Eq,p = 1.7 — 2eV

— Large recombination and reabsorption barrier E, ~1.4eV 1, E,_,, = 2eV 2

H transport and trapping in W:

— Diffusion Ep~0.2eV 3 and vacancy and defects with E4,~0.85 — 2eV 4

— Implantation of He in W can strongly affect H transport and recycling

in W?

1P, Tamm Journal of Chem. Phys. 1969
2D. Johnson J. Mater. Res. 2010

3 N.Fernandez Acta Materialia 2015
4E. Hodllle Nuclear Fusion 2017

5> M.J. Baldwin Nuclear Fusion 2017



Influence of surface processes on hydrogen outgassing from W remains

uncertain in ITER relevant conditions

* Physical parameters of confinuum models can be Activation energy of H
empirically constrained with  dedicated controlled desorption from W {experiment)?
experiments (TDS, permeation,...) but large uncertainties 1.6
might remain. For instance, some H surface processes on »

W still not well understood:
* H, dissociation rate on W independent of H pressure

« Decrease of activation energy of H desorption when W
surface is saturated with H 2

0.8
) _ ) 03 04 0.5 0.6
 Such processes may be important in fusion relevant surface coverage 6

outgassing regimes!
Maximum H desorption flux from

« Within this framework, dynamic wall outgassing response is unsafurated W surface

1 25 .
analyzed here using 0 W -
H H T 'ER divertc
@ R-D models (FACE) to characterization of bulk and surface = 10% S
L] 0 o |
responses in relevant ITER operational regime % 102 7/ /ot Deortion Bxperimonte
| T = 1019 Implantation phase
ﬁ
FH,in —> bU”( | — SUFfOCG — bEO 17 7 Thermal Desorption Experiments
rs—>b % 10 /// Desorption phase
je0)
L] (] L] L] L] ° g 1015
@ First-principle atomic modeling (LAMMPS) of H desorption © '
from W material 1013 Saturated surface
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o "W. Zheng Surface Science 2006 2 P. Alnot, Surface Science 1989



Bulk outgassing response to fluctuations of plasma particle flux by diffusion of

free hydrogen in the bulk is equivalent to a low-pass filter

- Outgassing response fo fluctuations of incoming Iy, —»| bulk — —>
particle flux I'y j, = I'yjn + Ay in Sin wt from bulk
material at fixed material temperature T without . ) Lbulk R
traps (free H only) flin '| : :
: l-‘H,permeation =0
I |
« Hydrogen release from bulk governed by three fhos | Aimp ! )
- : Afmp Aimp L3 uik _.,_,: no fraps
time scales: tp = D Thos =i Thulk = —)
« Hydrogen release bulk onto surface assumed to be Magnitude of bulk response
. Thos calculated with FACE
not limited by surface processes ( < 1) | QO ——m :
D
+ Bulk response to I'y;, fluctuations ~ low-pass filter é £ ‘QEK
. D 4 1—
with @ cyiorf = Wp = 22 Ny
tmp m -1
Il ¢ 10
. Q
* wp > 1MHz for 400K < T with 4;;,,,~50nm 3 |=
I Lo Nimp
4
« Permeation barrier in material (e.g. formation of E L 105><Aimp
sub-surface He bubbles) may slightly affect bulk 402
response to Ty, fluctuations 10°10*10° 102107 10°

4 ® = w/wp



Bulk outgassing response to fluctuations of plasma particle flux weakly affected

by the presence of traps in material

+ Outgassing response fo fluc’ruq’rio.ns of incoming Lo ] oo Fb—>§
particle flux Iyin = I in + Al in Sin ot from bulk ~Hin v
material at fixed material temperature T with traps

) Lpuik .
Solute H trafi Fin7\imp FH’in 2 ! ! 2
[ ) ~ I I
olufe H concentration cy pyik 5 “A ; Atmvgru,permeation —0
Fb—>s [ I A
- Effects of frapped hydrogen on dynamic P Aimp | / g
tgassi | ignificant  wh f G N
outgassing  only  significan when rap
concenfration is large cerap > Chpulk
=1 Magnitude of bulk response
2 calculated with FACE
Y
5, 10°
3 =
G0 = =
E i
400 600 800 1000 1200
T [K] ~

« However, large trap concentration leads to fast
hydrogen frapping (Vi-Cerap > var) af T<1500K

Alys
1—‘b—>s
(@)

= empty traps concentrations small compared to

Gpulk = |

. . -#-without t
solutfe hydrogen concentration in material . x:fh?cprop
= Outgassing response to I'y;,fluctuations from bulk 1072
weakly affected by hydrogen trapping in material 10°10% 102102 10" 10°

7 bulk

W = (*)/wD



Bulk outgassing response to fluctuations of material temperature by diffusion of

free hydrogen in the bulk is equivalent to a high-pass filter

« Qutgassing response to fluctuations of ! ook Fb_—>§ —
material temperature T = T + AT sin wt from bulk Mhin
material at fixed incoming particle flux I'y ;, without .
bulk

traps (free H only) Thin >

1
: l-‘H,permeation =0
Thos | : =)
« Hydrogen release bulk onto surface assumed to be Lo Aimp | no tra

— i s
not limited by surface processes (Ti’—gs K 1)

Magnitude of bulk response

» Bulk response to T fluctuations ~ high -pass filter with ; calculated with FACE
D ATy, Ep AT 107 e
Weytoff = Wp = 22 and rb_ > | ~ 2 Lbulk )‘m;p
imp H,in S Louk™10" % Amp
21 o --Lb = 2000
* wp > 1MHz for 400K < T with 2;;,,~50nm ~ 10
T| =
Q
« Bulk response — 0 at high temperature 5=
Il 1072
« Permeation barrier in material (e.g. formation of sub- 3
Q
surface He bubbles) may strongly affect bulk ==
response to material temperature fluctuations L — e e
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Surface outgassing response to fluctuations of plasma particle flux is equivalent

to a low-pass filter and is affected by surface saturation with hydrogen

Outgassing response to fluctuations of incoming

particle flux Tyj, = Iyin + Al'gin Sin wt

material surface at fixed material temperature T

H surface concentration described by

dcg

dt

_Er
= —Kype T(cg)* + Thos, {

I‘H,out

from

a = 2 (non-saturated surf.)
a — 1 (saturated surf.)

Surface (linear) response to I'y;, fluctuations ~ low-

pass filter with wyioff = WR = K,‘f‘_l (Fb—>s)1_a_1
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surface saturation
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Surface ovutgassing response to fluctuations of material temperature is

equivalent to a high-pass filter and may be large when surface is not saturated

« QOutgassing response to fluctuations of mqierialr — buk rb_—>; —
= ) U
temperature T =T+ ATsinwt from surface ™™
material at fixed incoming particle flux (Ty—s = Thin) 5
’ . bulk R
« Hsurface concentration described by Twin v |
I
aC S Er “ | l-‘H,permeation =0
— - (04
ot B _Kr’oe T(CS) T Fb_)s F-bﬁs: 7\imp : ‘
1
. . . no traps
- Surface response to T fluctuations ~ high-pass filter R, P
. -1 ey | AT, E; AT
With eyioff = wr = K¢ (Fb—>s)1 " and | =22 o X
I'H,out TT
Magnitude of surface response
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« Small fluctuations of the material surface & .
L] o :
temperature can induce large outgassing response  °
0 ° -2 / . . .
at high frequency when surface is non-saturated 10 102 10 102



Fluctuations of temperature near material surface may be large due to

reduced thermal conductivity caused by impurities and defects

H outgassing material response to temperature

fluctuations governed by activated processes: ® _ -:<=°:X<anpJ=0-1xsz~<x>tm,p)= Fw
M E AT w/we 30f v
THout T2 J(w/we)?+1 Z
T

Rudimentary model of heat deposition on PFCs ol :
surface shows that ! ]

T x G " . P %-1 | 16‘ 102 163 10* 10°

%OCPC 6 WITthz% G):@/(DQ

p \/(a)/a)Q)2+1

Modeling of realistic dynamic temperature response of PFCs is complex and must
include

* Realistic PFC geometry and cooling components

* Reduction of thermal conductivity due to impurities and defects in material' 2, which may lead to
larger temperature near the surface

* Macroscopic plasma dynamics such as strike point motion due to vertical plasma displacement?
(e.g. strike point excursion in ITER ~ several cms)

Realistic thermal wall model must be provided to predict outgassing material response
to heat flux fluctuations ... but any experimental measurements of wall temperature
fluctuations in tokamak will be exiremely valuablel!

1'S. Cui et al, Journal of Nuclear Materials 2017 2L. Hu et al, Appl. Phys. Lett. 2017 3 R. Pitts et al. Nuclear Fusion 2019



H surface processes on W may provide time scale separation between

plasma fluctuations and outgassing response from W wall

Outgassing response from wall to fluctuations of plasma particle flux ~ low-pass filter

Outgassing response from wall to fluctuations of material temperature ~ high-pass filter

Outgassing response from W bulk determined by free H diffusion (wcytors = ®wp = A_ZL)

imp

Outgassing response from W surface determined by H recombination and desorption

-1 -1
o — K% I, R 1-a
(wc“t"ff R r (Tbos) ) Cut-off frequency for Hin W

* Modeling of thermal fluctuations induced by fluctuations of 10—
heat flux difficult because of uncertainties in effects of 6 —
implantation of plasma species on thermal conductivity of ',

W /

/

. —1020,-2.-1
—wR.rHlm-lo m™s

* In summary, H surface processes on W may induce time %
° . 3
scale separation between slow wall outgassing response

and fast plasma fluctuations observed in divertor: ! g Ty, S102m s |
wy: T in=102"'m'2s'1
* w :rt (l)cutoff: mOy |Orge|y S|mpl|f|ed COUp|Iﬂg Of SOL 10_2_ --w::s;t'urofedsurfoce>
turbulence simulations to wall dynamics ‘ R > .
400 600 800 1000 1200

W= Weytoffs dephasing between neutral outgassing flux TIKI
and plasma flux

— Characterization of H processes on W surface with MD simulations

12



Can H desorption from W be modeled with currently available W-H

interatomic potentials?

First-principle atomic modeling (MD simulations) may help to identify and characterize
key mechanisms governing H outgassing from W:

— Thermal desorption
— lon-induced desorption
— H surface saturation effects

Two types of W-H interatomic potentials available in literature: Tersoff ' &« EAM 2 potentials

H molecular desorption from W cannot be reproduced with Tersoff potential 3

But can EAM interatomic potential model H desorption from W?

* Modeling of H desorption from W with MD simulations (LAMMPS):

« Kineftic of surface desorption a priori unknown :

Edes a(cy,T)

l_‘desorption =Koe T ¢ *w
*H
+ MD simulations method to characterize non-perturbed H desorption surface
at various material temperature T and various total amount of H in L
simulation to obtdin Tyesorption(€cs, T) @s a function of the H surface

concentration cg | frozen W laye

+ Kinetic order of desorption a and activation energy of desorption
Eqes can be derived from Tyesorption(Cs, T), provided that H transport

L2 . : a—1 I'N. Juslin JAP 2005
= — = = :
(th =3 ) is faster than H desorption (tges) = K, cS 2| Wang JPCM 2017

13 L~15nm with T = 900K — 1400K 3 J. Guterl JNM 2013



Hydrogen molecular desorption from W simulated with EAM potential at low

H surface concentration in good agreement with experimental data

H surface concentration

 MD simulations with EAM potential show H desorption 0.0
from W as H, between T=900-1500K at low H surface i?i:'gi P
concentration (cgAd << 1): R R A :
_Edes o(T ) rzn 0.02 . .
Fdesorption =Kpe T CS( )WITh =2 . -
0.01 o
|
* Activation energy for molecular desorption from W % 500 1000 1500
<100> surface Ez.4~1.4 — 1.6eV in good agreement with amount of H in simulations

experimental H, desorption activation energies: Kinetic order of H desorption

— Markelj' (2013): 1.6-1.7eV up to 2.2eV (polycrystalline)

n
2 " n n

— Tamm?2 (1969): single crystal <100>: 1.4eV

. . 0
 Pre-exponential factor Kg~vgi3 ~107®m?s in good 800 1000 1200 1400 1600
agreement with experimental estimations: TIK]

— Markelj! (2013): 2 — 7x1077 m?s 1.8

— Tamm?2 (1969): single crystal <100>: 4x107% m?s

[eV]

- EAM potential well reproduces thermal H molecular MQM
desorption from W at low H surface concentration 12
(unlike Tersoff potential)!

0 500 1000

15. Markejl Applied Surface Science 2015 2 P. Tamm Journal of Chem. Phys. 1969 amount of H in simulations



H desorption from W saturated surface (c,43 > 0.1)
expected for ITER relevant conditions

H surface concentration determined by equilibrium
with H bulk concentration:

o —
Ky ¢ = T Chulk

H bulk and surface concentrations varied through total
amount of Hin MD simulation:

Ntot = JCS dS + fcbulk dv
S \%

Narrow parameter range to simulate H desorption from
W saturated surface :

 Hdesorptionslow E, > 1eV => T > 900K, ¢, > 0.1

« Formation of H platelet (self-clustering) at large bulk
concentration 2 induces massive H trapping = ¢,k A5 <
0.04 = ¢, < 0.5and T<1400K

Evolution of E, with ¢, at large surface concentration in
qualitative agreement with experimental data

Transition from second to first order kinetic of

desorption as surface becomes saturated

Er [eV]

Hydrogen molecular desorption simulated with EAM potential at high H

surface concentration in qualitative agreement with experimental data

1.8

B experimental data Alnot’
® MD simulation EAM potential
1.6¢ [
]
1.4} "
]
1.2}
1 Coo, =
° o
0.8} . "
°
°
0.6 ] o
107 10
cs A3
s 70

log( 1_‘H,out)

]

-
m B -

|

-
/’ L

-’,/’ = T=1100K
- [ ] ® T=1200K
] T=1300K
- -Second order
. . First order
-2.5 -2 -1.5 -1
log(cs A3)
s 70

I'P. Alnot Surface Science1989
2R. Smirnov Nuclear Fusion 2018



A “mysterious” H precursor state for molecular desorption on W in simulations...

« H desorption from W usually assumed to result from the
recombination of two H atoms into a molecule, which
immediately desorbs

 However, H molecular desorption on W follows an H precursor
state! in MD simulations using the EAM potential, whether W
surface is saturated with H or not:

1. recombination of two thermalized (cold) H into molecule

2. dissociation of newly formed molecule into one cold and
one hot H atom onto W surface

3. molecular desorption results from the recombination of
the hot atom with another cold atom

* Lifetime of molecules newly formed by two cold H is very short
(t<0.1ps): no contradiction a priori with H, dissociation on W' !

W <110> at T=1300K (EAM potential)

W-H EAM potential fitted using bulk processes only and uncertainties remain for H

W . - A ‘hOT R R '
L 2l AR O AR %-r' “I A
©0%® %% %% %% 1%%°
hotH @ 000 o000 000
o0 o0 0 0 8°0°%° 0%°%°

surface processes on W:

- additional DFT simulations required to determine whether this H precursor state is

an artefact from the EAM potential
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lon-induced desorption and ion-induced detrapping may affect H recycling

and retention in fusion relevant conditions

Hydrogen recycling and retention in PFCs are usually
assumed to be governed only by activated (thermal)
processes (e.g. diffusion, trapping/detrapping in
defects, desorption, ...)

However, large amount of hydrogen can be present
near material surface (e.g. H super-saturation observed
experimentally ') and interact with large flux of
impinging particles, resulting in ion-induced processes

— Exampe: well-known Eley-Rideal recombination of H on W
surface with low-energy impinging H 2

Rudimentary model of ion-induced desorption and ion-
induced detrapping:

dCH tra

’ p —

dt = —04tCH,trap l—‘in — VdtCH, trap + Vtr(ctrap - CH,trap)cH
dcg o
dt = —0desCs [in = Kr €5 + [ps

Effects of ion-induced processes on H recycling are
significant when

ret
= Estimations of 4.5 aNd o4 With MD simulations

__Vat _ 1_0(—1
Odt -~ Odt,crit — Tn O Odes = Odes,crit — (1-R)

—FH4 =109m %!
.In

—1, =102?m%"| |
H.in

_1n24 2.1
FH,in_]O m™“s

400 600 800 1000 1200

T [K]

L. Gao Nuclar Fusion 2016
2 5.Markelj Applied Surface Science 2013



MD simulations suggest that ion-induced desorption may affect H recycling

in various divertor plasma regimes

MD simulations of ion-induced H desorption on W
with EAM potential

H impinging on W with 50% H coverage induces:

* lon-induced H molecular desorption (Eley-Rideal)
* H adsorption/implantation

* Hreflection

* lon-induced H atomic desorption

Eley-Rideal  cross  section: o¢~1-— 5A% in
agreement with experimental/theoretical
observations: ¢ ~0.5 — 1 A2 1

lon-induced desorption may increase:
* H molecular desorption at low energy
* H effective reflection at high energy

Some experimental observations in DII-D suggest
such ion-induced desorption during ELMs 2

Electronic effects may strongly affect Eley-Rideal
mechanism at low energy 3

Distribution of
desorption events

—

O
o

o

H - W <100> surface coverage =0.5

10° 102
EO[eV]
f H—>H21 H->H+H
\f‘ (X )
(Y (Y ) (Y | foo
o J
e o 4
\fH—>H| H-W
00-..0.00 0 0.00

18 B. Jackson J. Chem. Phys. 1992 21. Bykov PSI 2018 3 O. Galparsoro, Phys. Chem. 2016




Benchmarking and improvement of EAM W-H interatomic potential against

DFT simulations for H surface processes on W is cruciall!

EAM potential seems to able to reproduce some key
features of H desorption from W (second-order thermal
molecular desorption from non-saturated surface & Eley-
Rideal H recombination)

However, EAM potentials have known intrinsic limitations
in modeling of BCC metal.

Moreover, the current EAM H-W potential does not well
reproduce features of H, and H-W interactions in vacuum
predicted with DFT (in contrast with the Tersoff potentiall)

s the plateau in H-H interaction energy at r = 1A obtained
with  the EAM potential responsible for the H
recombination precursor state observed in MD
simulations?

Can EAM potential actually be used to model H-W
surface processes and accommodate multi-components
chemistry (SiC-H-W2, W-H-N) relevant for fusion reactor
conditions?

« See poster PA069 (S. Bringuier)

W-H Energy [eV]

H-W in vacuum 12
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"'L. Yang JNM 2018
2 Binguier this conference PQ069



Summary

Outgassing response from wall to
« fluctuations of plasma particle flux ~ low-pass filter

» fluctuations of material temperature ~ high-pass filter

W wall response to plasma fluctuations strongly determined by surface processes
(desorption, saturation), which may induce time scale separation between fast plasma
fluctuations and slow outgassing response

Atomic characterization of H surface processes on W with molecular dynamics
simulations:

« Unlike bond-order potential (Tersoff) potential, recently developed EAM potential
can reproduce H thermal molecular desorption from W

« MD simulation of H desorption from W surface saturated with H in qualitative
agreement with experimental observations

MD simulations framework developed to characterize ion-induced desorption processes

Uncertainties remain in the modeling of H surface processes on W with EAM potential:

« Validation of the EAM W-H interatomic potential with DFT simulations of surface
processes is hecessary!
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