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Related issues to plasma material interactions

(1) Erosion of wall elements by physical and chemical sputtering
Reduced life time of the  walls

(2) Eroded impurities can penetrate into the plasma

Fuel Dilution and radiation cooling of core
plasma
(3) Redeposition and re-erosion of impurities

Tritium retention of wall surface and bulk

Erosion transport, redepositionand
re-erosionof impurities

for realistic plasma and surface conditions




Global and Local Plasma Wall Interactions

Mutual contamination
between C and W

Vertical Target -

(C, W)
Global transport of impurities

Codeposition with C and Be

Local collision and thermal processe

Implantation, diffusion,

trapping/detrapping and
surface recombination




Models and assumptions in PWI codes

Model/assumption Coupling codes

Physical sputtering  Yield — TRIM database [ pRy e Yy P T

Energy Thompson
Angle Cosine

Chemical erosion Yield Roth formula
or Input
Energy Thermal
Angle Isotropic
or cosine

lonization (atoms) ADAS database

lonization/dissociation Janev/Reiter data set for methane,
ethane and propane families

(molecules)

: Magnetic, sheath, friction,
!:or_ces drlve_n thermal, cross-field diffusion,
ionized particle elastic collisions,

Radial electric field

SEGE T Iileal Reflection/ TRIM database Static/dinamic BCA codes

Sticking (atoms)

Reflection/ Input Molecular Dynamics codes

Sticking(molecules)

Material mixing Dynamic BCA codes

or Database by MD




Modeling LongDistance Transport
of Carbon and Beryllium
In an ITER edge Plasma
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Model geometry of edge plasma and walls

9.25 (m)

Core plasma
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Radial distance (m)

Plasma parameters in an ITER edge plasma with
and impurities (C and He) are taken from a

B2/Eirene calculation]].

[1] G.Federici et al., J.Nucl.Ma90-293(2001)260.
Aside from sputtering by plasma ions, sputtering by cha
exchange (CX) neutrals is taken into account at the first
wall.

Physical sputtering yield of C target in the divertor

and Be first wall is calculated by using ECH)DY [

[2] K.Ohya, Phys.Sci2 (200670.
Due to high threshold energy for physical sputtering by |
lons, sputtering of W baffle and dome is not taken into
account.

Chemical sputtering of C target is calculated usin
Roth formulae 3]. Only CPmolecules are released

from the target.
[3] J.Roth et al., J.Nucl.Mat@66-26919991/ 337-33942005970.

Detailed description of impurity transport model is

presented in ref. 4.
[4] K.Ohya et al., Phys.Sct382010014010



=
(@)

=

o
N
[y

=

o
[E
~

=

o
-
w

lon and neutral fluxes (m2s™)

(o))
o
o
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Flux and energy of ions and CX neutrals
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Poloidal distributions of the flux of CX neutrals

and of their mean energy along the grid edge

are taken from ref.5).
[5] R.Behrisch et al., J.Nucl.Matg13-3162003338.

Angular distribution of ions is influenced by
gyro-motion of the ions most probable angles
of the distribution arel2°~18°, which are much
larger than the magnetic angles intersecting
the wall.

Average angle of magnetic field lines
intersecting the first wall equipped with
blanket modules is chosen to 5, which
results in an incident angle o2#° to the first
wall.

lon flux at the first wall is assumed to decay
exponentially from the grid edge to the wall.
The decay length is taken to hem,3 cm and
10cm.
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C, CQand Be fluxes eroded from walls

Inner region

Dome Target  First wall
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Outer region

First wall

Target Dome

Dominant erosion mechanism at the outer

R > | =<»<  divertor target is physical sputtering.
B Asymmetric erosion between the inner and
= = Be(ion,L=3cm) : . .
| eeeCDe e Be(on.=10cm) | outer targets is observed, depending on the
i e incident ion energy.
i , \| Erosion of the inner target is dominated by
i o .’ '\'l"i chemical sputteringa maximum yield of
B .’ .‘ which occurs at the strike point.
=1L | ,\” " ! i . : :
B | \/ ;o Erosion of the first wall is at least by factors of
. -’l o 0 | 10 ¢ 100smaller than that of the divertor
0 5 10 15 20 targets.Localized gas puffing and recycling at

Poloidal distance (m)

the top of the first wall causes sputtering flux
to be strongly decreased.

If decay length of ion flux between the grid edge and the first wall is taken i®be,
the sputtering flux by ions is high enough to be comparable to the flux by CX neutrals.
With decreasing length, the ion flux is strongly reduced, showing complicated profile
closely related to the local distance between the grid edge and the first wall.




C, CDand Be distributions

In edge plasma
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The color represents
the sum of the flight
time of all particles
traveling in each grid
cell, per unit area in the
poloidal crosssection.

A part of C atoms is promptly ionized and redeposit in the vicinity of the birthplace. Th
other part is transported away from it and some of them distribute out of the divertor,

CQ is rather limited within the private flux region (PFR) of the divertor.

Be atoms are ionized and subsequently transported along the magnetic field lines fqr
long distance, therefore, they distribute over the whole area of the machine.
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C, D and Be redeposition profiles

Redeposition flux (m?s™)
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C atoms produce a very sharp profile on
the outer target.

CDO eroded from the position near the
strike point produces a pronounced
redeposition of neutral C[irectly on the
dome.

Be redeposition in the divertayccurs
rather more at the inner target.

The asymmetric redeposition between
the inner and outer divertor targets was

found in ref. p].
[6] K.Schmid, Nucl.Fusid8(2008105004

Be redeposition on the first walk more in
the outer side of the top of the first wall.

Be redeposition flux on the first wall by a
factor of 10 smaller than the flux
redeposited on the inner divertor target.
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Net erosion/deposition flux (10%° m?s™)

Net erosion and deposition profiles

Inner reqion Outer region

Physical and chemical sputtering vields of

Dome Target  First wall Firstwall  Target pomeOriginal materials are used for the-Brosion
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between redeposition and rerosion.

C deposits in the inner divertor are strongly
re-eroded except for the dome where
sputtering is negligibly small.

Position near the strike point, as well as
the dome, is a deposition zone whereas the
position far from it is an erosion zone.

Be deposits on the inner and outer targets
are strongly reerodeddue to low threshold
energy for physical sputtering.

The top of the first wall and the inner
dome are deposition zones.
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Tritium codeposition profile on walls
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Empirical formulagecently proposed by
Doerner et al. §] are usedor atomic ratios

of D to C and of D to Be
[6] R.P.Doerner et al., Nucl.Fus#®(2009035002

(The estimation of T retention,
corresponding D data, are performed in this
work.)

Using surface temperature and D energy on
the inner and outer targets and the first wall
D/C and D/Be values are calculated as a
function of the position.

Net redeposition flux profiles are multiplied
with D/C and D/Be profiles to obtain T
codeposition profile.

Finally,assuming toroidal symmetryotal
retention rate can be estimated from the
calculated T codeposition profile.
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Tritium retention rate in C and Be deposits

Decay length Divertor First wall Total

(cm) Inner target dome Outer target

(a) Carbon deposition
1.26 [mgT/Yy 0.01 [mgT/Y§ 2.51[mgT/{ 0.12[mgT/d  3.89mgT/q
(b) Berylium deposition

1 0.06 0.03 0 0.48 0.58
3 0.06 0.04 0 0.60 0.70
10 0.03 0.14 0 1.48 1.65

Dominant T retention in C occurs at the inner and outer divertor tangbereas it occurs at

the first wall.
Retention rate in Be is strongly influenced by decay length of plasma parameters from tl

grid edge to the first wall

Using a discharge duration 400s,the number of discharge after which anvassel T
safety limit of700qg is reachedre estimated from the sum of the T retention rate in C and
Be deposits, if the retention rate in W is negligibly low.

It is predicted to b95¢ 395dischargesdepending on the decay length. ”




Conclusionsl)

To predict tritium (T) retention in ITER wall components, an erosion and redepc
modeling of divertor targets (CFC) and a first wall (Be) is performed for an ITEF
plasma configurations.

(1) Position near the strike point on the outer target is a deposition zone wheres
position far from it is an erosion zone due to physical sputtering.

(2) CDeroded through chemical sputtering produces its pronounced redepositic
on the dome.

(3) Erosion of the first wall is strongly influenced by a decay length of local plasi
parameters from the plasma edge to the wall.

Eroded Be atoms distribute over the whole area of the machine, resulting in an
of Be to the divertor.

(4) T retention is dominated by C deposition on the inner and outer targets.
Be deposition less contribute it, most of which occurs on the first wall.
Total retention rate limit295¢395discharges before T limit GD0g is reached.
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Modeling Tritium Retention In
Tungsten Divertor Targets of ITER



Thermal Processes after a Collision Process

Fickds | aw with source t r a popcileibh t e
(xt) (xt)
i E
KC, (X,t) _ . HCIFJ- Xt Sputtered atom ' 0
m - D[D]DC] (X’ t)] + Gj (X’ tO) - a ljt DEeI(ql)'Esb
i=1
C,(xt) :j th solute concentration, D; : Diffussion coefficient L minl (B
i : =-In
G, (x,t,): source term (range profile) for j th solute £ _El DE (E -DE, (q)
1—0" inel\’-1)~ el\11
cin. (x,t) : concentration of j th solute trapped | th trapping site
Rate equation for trapping and detrapping L=l (Ey)
; ; Recoiled atom
l"lcll'j (X’t) — DjCj (X’t)CIFe(X’t) i Ik i N\ E2=E1-DEinei(L2)-DEci(q2)
ut - /2 - CTj (X’t)no exp (_ ET / T) DE,(q) ‘ \
C'Ire(x't) = C'Ire(x’to)_ a fjlcll'j (X,t)
j -
/' jump distance, E DF=F/N,
n,: detrapping attempt frequency ‘ >
f! : the inverse trap saturability of j th
solute fot the | th trapping site
E, :detrapping energy of | th trap .
Boundary condition ] L S SO

. . . . ) u + u 3 u |
e.g., recombination limited
DIFFUSE DIFFUSE DIFFUSE DIFFUSE
be;, _ K, 2(x = 0) [J = Krcjz(x:O)]
== G\X= BCA BCA BCA BCA BCA
MX j K, :recombination coefficient Time
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Parameter Fitting with a TDS experiment

Implantation (300K) Outgass (300K) TDS (5K/s)
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Time evolution of the areal density of trapped

D in W is shown along with that of the dens
retained as mobile atoms.

b

ty

In the experiment]], a wrought W surface was irradiate
by D;*ions with an energy af00eV/D and a flux of

2.5x 10 cnr3si, [1] C.GarcisRosales et al., J.Nucl.Mag83-
237(1996803.

(a) Diffusion (b) Surface recombinatio

D, (cnmfs’)  Ep(eV) E (eV) K, (cm'KYsh
0.39 2.5x10’ -0.59 1.2x10%
(c) Trapping
ET1 (eV) Dtrap1/W ET2 (eV) Dtarpzl W
0.85 0.001 1.5 0.001

Density of mobile and trapped D atoms increases
successively during implantation.

After implantation, a part of mobile D atoms are
released due to surface recombination. Trapped D ato
are kept to be retained in the bulk.

At the early stage of the TDS phase, D atoms in th
Trapl are released via mobile D atoms. At the delayed
stage , D atoms in the deeper trap (T@pare released.
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Plasma Parameters used for calculation
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The plasma parameters in front of the targets are taken
from a R-EIRENE calculatio?|]as a function of the

distance from the strike point.
[2] G.Federici et al., J.Nucl.Ma&30-2932001)260.

The surface temperature depending on the position on
the target is taken fromd], where the temperature were
calculated assuming CFC, not W, with the thickned4® of
mm. [3] G.Federici et al., Plasma Phys. Control4=(0031523

Typical duration of a discharge in ITERI@s. The surface
temperature at each position is kept constant after
discharge as well as during it.

The trap concentration strongly depends on the materie
and additional traps may be produced in the nsarface
region due to high D fluxes to the target, resulting in a
depth-dependent concentration.

Incident energy (T), anglb)(and flux ¢ and
target temperature (I,) as a function of the
position on the inner and outer target.
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Incidence at Low energy and Shallow Angles

Angular distribution of the ions is calculated at
different magnetic field angles using a particle

in-cell simulation p].

[5] K.Inaiet al., J. Plasma Fusion Res. §&33(2009.
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w
o

Angle of incidence (deg)

l I
30 60 90
Angle of magnetic field lines (deg)

(=]
o

The angle is measured from the surface normal.

The average angle of the distribution is used
incident angle12®° ~18° , depending on the
magnetic angle, at each position on the targe

as

Sticking coefficient calculated using a molecular
dynamics simulatiord], where the incident angle
IS75° . [4] K. Ohya et al., J. Nucl. Matét.7, 637 (2011).

15 T T T T TTT] T T T T TTT] S
S [ o T= 300K DonW -
O ® T=1000 K
= 0.1 )
5, . ® 3
3 i . ° §
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X ' E [ ] O O O =
Q - .
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Incident energy (eV)

In the relevant energy range, the sticking

temperature, is assumed to &01for the
calculation of the implantation flux.

coefficient, slightly depending on the surface
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Time evolution of retained D distribution
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At the position where the temperature is higthe number of retained D atoms increases without any
saturation. Most of D atoms are retained as mobile atoms.
At the low temperature positionit tends to saturate where most of trap sites near the surface are

occupied by implanted D atoms.
After discharge #00s), most of D atoms are kept to be retained in the bulk, where they can diffuse

deeper. =




Trap concentration dependence of Deuterium

Retention

Retained distributions of D atoms along the inner and outer targets (a) just after a
discharge400s) and (b)subsequently after £@00s).
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Time evolution of Tritium Retention in Targets

From the distribution of retained D atoms during and after discharge, the T retention in
the inner and outer targets are estimated by taking #iemic mass difference between D
and Tinto account, andassumingoroidal symmetry

Tritium retention (mg)

102 | ! | tarqet
nner targe

10 (a) Total Divap/W=0.001 3

1 Trap 2

105~ "7 Mobile .__

10° During . o
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AL o e —————

105 - Trapl M

10 T T mee

10-6 | | L I

10% E Total |

10

1

10t

10

-3 H
10 buring —:  after discharge
10™ discharge :

5 Outer target
10 ) (b)I l Drap/W=0.001
10

0 200 400 600 800 1000

Time (S)

In case of the inner target, dominant retention
mechanism is the trapping in the deep trap (Trap
2) during discharge and most of the T atoms are
kept in the trap even after discharge.

Mobile T atoms dominate the T retention in the
outer target due to its high temperature leading to
detrapping from the trap and subsequent
diffusion inside the bulk.

The T atoms are retained ten times more in the
outer target than in the inner target during
discharge, whereas sufficiently after discharge the
T retention is reduced due to surface
recombination of mobile atoms.
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Tritium Retention in Divertor Targets

50 , | | | Tritium retention (mgT) after a discharge (400 s) in tunsg
S Just after discharge Trap concentration Divertor Total
£ 40 Inner target Outer Tiraf W Inner target Outer target
target
5 (a) Just after discharge (400 s)
= 30 i
c Mobile 0.01 10.8 47.3 58.0
% Trap 1
S 20 M Trap?2 0.001 2.6 31.1 33.7
% 0.0001 1.0 28.5 29.6
'E 10 (b) Subsequently after discharge (1000 s)
0.01 8.5 23.4 31.90
0 0.00010.001 0.01 0.00010.001 0.01 0.001 2.0 12.8 14.90
Trap concentration, Twap/W 0.0001 0.6 11.1 11.70

T retention is dominated by mobile atoms in the outer target decreasing with time after a discharge
whereas in the inner target it is strongly enhanced due to an increase in the trap concentration.

Finally, the number of discharges, after which awassel T safety limit af00g is reached, is
estimated from the sum of T retention of the inner and outer targets; T retention in other walls is no
taken into account.

The number of discharges is of the range betw&2000and2400Q depending on the trap
concentration from0.01to 0.0001 It is increased to the values betwe28000and6000Q if the T
retention sufficiently after dischargd.Q00s) is used. 24




Conclusions?)

(1) Dominant retention mechanism for the inner target is the trapping in the
deep trap and most of the retained T atoms are kept in the trap even after
discharge.

(2) Mobile T atoms dominate the T retention in the outer target due to its high
temperature, leading to detrapping from the trap and subsequent diffusion
Inside the bulk.

(3) The T retention after a discharge duratiod00s is estimated to be tens of mg
strongly depending on the trap concentration in the bulk. It resultsOh
discharges or more after which a T safety limi¥009 is reached. It indicates
that the T retention in a W target is about two orders of magnitude smaller
than that for a CFC target.

Nevertheless, Be used for the first wall is strongly eroded due to its low surfa
binding energy and a portion of eroded Be atoms migrates towards the divel
targets, although most of atoms redeposit on the other areas of the first wall

Codeposition mechanism for the Be deposits may dominate the T retentio
the W target in both inner and outer regions.
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Molecular Dynamics Study of
Hydrogen Interaction of
Carbon and Beryllium Deposits



Plasma Surface Interaction in Fusion devices

(1) Erosion of plasma facing walls ---> Reduced life time of wall material

(2) Transport of eroded impurities in plasmas
---> Fuel dilution and radiation cooling of core plasma
(3) Redeposition of eroded particles
---> Tritium retention in redeposited layers and materials mixing

requires:
(1) transport of eroded impurities in edge plasmas, and
(2) surface interactions of hydrogen and eroded impurities.

Main purpose is to study
nNreal i sti ¢ plasma surface 1Ir

preparation of deposited C and material mixed layers formed on them.




Integrating equation of motions of constituent atoms : Small cell,
103 -107 atoms

The force on each atom calculated from the analytical derivation of appropri:
Interaction potential form. . Excess heat dissipation

in collisions with
energetic atom

Periodic boundary condition (cell sides) . Top most atoms are free,
but bottom most atoms are fixed.

Potentials can be calculated by quantum chemistry or density functional, but
Approximate parametrizations are used in classical scheme.

Coupling to an external bath (e.g., Langevin eq.)

. +b; % . .
V=3 fijc(r”)gle(ru) L V() : Empirical bond order potential
i>] u
Repulsive term v=(r) = SDol ( b2S(r - ro)) Bond-order function b, = (1+ C )'%
: R S .
Attractive term  V*(r __Q)eXp( by Z/S(I’ B r0)) Many.body term i - A fic (i) Qi (G I expl2/73( (rij - T )J
'e1, r ¢ R- D, KCED

: . Clry = 1 i i a 2 c2
Cutoff-function ) =13~ 3sin3(r- RYD) [R-r[eD, )\ 0 1o finction 9(g) = g+ <

Ya Q
A2 -
to, r2 R+D ¢ d° d2+(h+cosq)2§

Fusion-related parameter sets for

C-C, C-H : Brenner (1990, 1992), REBO (2002) and AIREBO (2000)
W-W, W-C, W-H : Juslin, Nordlund et al. (2005)

Be-Be, Be-C, Be-H, Be-W : Bjorkas, Nordlund et al. (2009/2010) e



Erosion and Carbon Deposition on Tungsten
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Carbon fluence

3x 102 m2 (N=3000) 5x 102 m2 (N=5000)




