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& Outline #) JULICH

FORSCHUNGSZENTRUM

EROQO simulations:

« Motivation: ITER FW erosion (sensitivity to erosion data)
» LIM/ERO code-code benchmark

 PISCES-B (Be target erosion)
» Tracking of MS population
» Be-D molecules

« JET ITER-like wall (ILW solid Be limiter erosion)

« Other JET experiments (1°Be, divertor, QMB)

Further relevant experiments in FZJ:
« Laser techniques

 New linear devices

* Be proxy

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 2
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FORSCHUNGSZENTRUM

ERO introduction

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 3



A jOLICH

FORSCHUNGSZENTRUM

3D MC impurity transport code ERO

Background Plasma

B

Input:
ne' Te,i’
JEOMETY PFC (substrate Be, C, W, Mo, ...)

Local transport: Plasma-surface interaction:
\/ionisation, dissociation \/physical sputtering/reflection
v friction (Fokker-Planck), thermal force v/ chemical erosion (CD,)
v/ Lorenz force (including EXB component) ‘/(re-)erosion and (re-)deposition
\/cross-field diffusion v"HMM and SDTrimSP surface models
26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 4



@ ERO modelling strategy A J0LICH

FORSCHUNGSZENTRUM

Code development:
- PSI & transport

- material mixing

- castellated surfaces

Benchmarking:
- PISCES-B (with beryllium)

-JET ILW

- Pilot-PSI, PSI-2, JULE-PSI
- TEXTOR, AUG,

- atomic data, ADAS

Estimations for Coupling with other
ITER: codes:

- tritium retention - plasma parameters from:

- target & limiter lifetime e.g. B2-Eirene, Edge-2D

- Impurities into plasma - surface mixing: TriDyn, MolDyn

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 5
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FORSCHUNGSZENTRUM

D Borodin et al, Phys. Scr. T145 (2011) 014008

ERO ITER FW life time predictions

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 6



ITER Be wall — BM erosion #) 0LICH

FORSCHUNGSZENTRUM

FLFS

. ceiling

FLFS close to 2nd separatrix =>

First PFC life time estimates assuming
limiter-like contact on outboard BM11

BM 15 + low Z

| banana-shaped
far SOL region

Be

- high erosion

« Blanket module (BM) shapes optimized for
heat loads (P.C.Stangeby)

26.09.2012

D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 7



@ LIM COde reSUItS [S.Carpentier et.al, PSI-19, O JUL'CH

J.Nucl.Mater. (2010)]

FORSCHUNGSZENTRUM
2D Net erosion-redeposition patterns on BM11
(mmBe/h)
S peak erosion (mmBe/:)
redeposition e x10
' 25
0.05
o “lo.04 x10 2
4
0. -10.03 c 5 15
-40.02 E 0. 1
-0.1. +40.01
02 1 : o 05
o oot 02 “osf°
poloidal -0'4_0_(\5*\_\ pea\‘ e‘(f,./""g .0.02 ) 04 o~ 05
dist (m) 58S L ) pqlmdal 06 L 0
1\/ 05 toroidal -0.03 dist (m) 08 N\ < toroidal L
- l dist (m) 47 43 dist (m)
High density case Low density case
v <Y > ~ 7%, ~50% patrticles locally redeposited v <Y4> ~ 6%, ~10% particles locally redeposited
v Net peak erosion ~ 0.06 mm/h v Net peak erosion ~0.0025 mm/h
= PFC lifetime ~ 1500 shots = PFC lifetime ~ 36 000 shots
v’ T-retention* ~ 0.083 gT/h for one module v’ T-retention* < 1.3 mgT/h for 36 BM11-18

~ 3 gT/h for 36 BM11-18

=> Limit ~ 1920 shots : .
(assuming: 50:50 D:T plasma, maximum safety limit ~640Q9) Important ISSU€E for ITER

benchmark with ERO focusing on
* 2D estimation of (D+T)/Be = f(Tgy, Eimp, ['o/'ge)

[PICSES-B scaling law, G. De Temmerman, R. Doerner] I |fe t| me

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 8




@ Plasma parameters at limiter surface A JULICH

FORSCHUNGSZENTRUM

High density case

Low density case

(HDC) >£<_‘)1o12 (LDC) x10""
200¢ S 200¢ 4
8
o} 0] 35

5 7 5
E £, 13
— -200f 16 —~ -200¢
= =
o o 125
k3] 15 3]
£ 400} £ 400}
E A 4 E ] 2
S S
% -600f 13 % -600¢
£ £
- 2 -

-800} -800f

1
-1000} ", . . 0 -1000fF ) ,
-500 0 500 -500 0 500
X (toroidal direction) [mm] X (toroidal direction) [mm]
50_!" __________ L — -_I-__-______l__________l_ L Ty r_
%500 200 200 0 200 200 500
X (toroidal) [mm]
T.= 10eV = const T,=7.1eV = const
T.= 20eV = const T,=18.6eV = const
26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 9



Shadowing patterns (LIM and ERO)

#) JULICH

FORSCHUNGSZENTRUM

y {poloidal direction) [mm]

ool BM11, steady state BM15, start-up
500 1 i
of :
3001
200F
-200f T
£
= 100
g
-400F £ o
T
@ i
© -100F
2
600} P
-200F . . .
Modelling is in
-300F
800l progress, out
400} of the scope!
ooob -500F
-600 -400 -200 0 200 400 600 -ec')o -460 -260 (') 260 4(')0 6(|)O
¥ (toroidal direction) [mm] x {toroidal direction) [mm]
LR o e e e e e '] s0F b bk T T y—yey—— C—— o e Lp———— b
600 —460 —260 0 2(50 4(50 600 0 -600 —4(I)0 —2(I)0 (I) 2(I)0 4(I)0 600

X (toroidal) [mm]

X (toroidal) [mm]

In shadowed areas we assume no BG erosion and re-deposition of intrinsic Be impurity

Shaping and shadowing implemented in the parametric form for any BM

26.09.2012

D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich
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@ Poloidal positions of toroidal profiles OJULICH

FORSCHUNGSZENTRUM

15
ool Background (BG) plasma erosion; BM11, HDC [Be/cm?] gu'®
Profile y=bmm .
0_
L 12
€ -200F T
£ .
= L Profile y=-187mm
'-lg \_\\\\\ N
2 _aoof N L 115
o .
3 Profile y=-387mm
% -600F - 1
Maximal erosion
-800_ 05
-1000[, I I I I I 1 0
-600 -400 -200 0 200 400 600

X (toroidal direction) [mm]

For LDC the maximal erosion point is elsewhere . . .

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 11



A jOLICH

FORSCHUNGSZENTRUM

@ Deposition: low vs. high density plasma

Density of Be*[cm?] — High density case (HDC)

Z {to plasma center) [mm]

x (toroidal direction) [mm]

Be is ionized close to surface . . . Large redeposition.

DC)

y case (L

Z (to plasma center) [mm]

-400 -200 200

x (toroidal direction) [mm]

Be is ionized far away from surface . . . Small redeposition.

In both LIM and ERO deposition dependence on plasma parameters is feasible!

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 12



@ Sputter yields assumptions and net erosion O JULICH

FORSCHUNGSZENTRUM

BM11, ‘HDC’: net erosion (deposition) profile at y=-187mm

0.01
0 .f .....
[ 1
= ool ~L_4299_I_T_E_8_§h91s__: ---------
E -0.02 Lﬂ';f’ ’ﬁ - ___',__________'______I. .................................
A= i 1500 ITER shots ———
c -0.03 ¥ o / Oeeare R mmm
o y
= > /
> -0.04 y;
—_— 'l /
S APl Wy -
@ -0.05 7 L 1100 ITER shots i
. VA A
D 006 #: T R
@© R4 == ERO-max (0.081mm/h)
— .07 o —a-ERO-min (0.021mm/h) _’
)4 =p= Eck2002(LIM) (0.062mm/h}—.
0,08 ‘
50_'— ---------- ':'-=-_ -—'—._________L_________—'— Jﬂi _________ T_
0 r‘i 1 \ 1 1 1 ﬁ
~600 -400 -200 0 200 400 600

x (toroidal) [mm]

In most pessimistic case life time about 30% less than in earlier LIM predictions

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 13



@ Intrinsic Be impurity influence on net erosion 0 JULICH

FORSCHUNGSZENTRUM

BM11, ‘HDC’: net erosion (deposition) profile at y=-187mm

Layer evolution [mm/h]

0.02 : ;
BM11. HDC. 'ERO-max’ |
0.01 2.5 1
H l*/
0 o H
: 2 Additional Be |
-0.01 S self-sputterin H
I s, : P : J /'
0.02 I § 15 T .
= o |
0.03 1 S Deposition from
B T background !
1 5
-0.05 | @ 0.5 == Total erosion \-\ :_
I ' —<&— Deposition I
-0.06 — : L
=&=ERO-max (0.081mm/h) : I\!et el’OSIOI:’l I
0.07 =8 =ERO-max, 1% Be (BG) (0.074mm/h) 0 L
e ‘ I 0 1 2 3 4 5
=P»='ERO-max, 3% Be (BG) (0.063mm/h o . |
0.08 —4=ERO-max, 5% Be (8G) (0.051mmmy ! _ _ _ _ _ _ Intrinsic Be concentration
i i i i i i
-600 -400 -200 0 200 400 600

X (toroidal) [mm]

Deposition of Be impurity from plasma dominates over additional Be self-sputtering

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 14
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Physical sputtering
(as introduced in ERO)

26.09.2012
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@ Sputtering data — margin estimates 4 JULICH

FORSCHUNGSZENTRUM

Be by D* sputtering

| ERO-max“ r--. —~—— Normalincidence! ——rrrm
I 7 | _\ \\
iMD + SDTRIMSP: 10 F ~~__ ¢ .
I B = . \\\ ..*'—T'!"- 8
| __pureBe ¢ R T L
E 10° - . : *
3 iR
i
> /"
= 4 / _:‘
e 10 F . e IPP (RT)
E 7 IPP (600-650°C) .
ERO-min* | 2 PISCES polyc Be (27477C)
: «v1 o1 Eckstein 2007
SDTrimSP 0= E — EEHgnMax
: ERO Min
50%Be + 50%D F . P PN BN
10 100 1000

lon energy (eV)
The very same limit fits are used for ITER

predictive modelling and benchmark at JET.

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 16



@ Effective sputter yield — angular part O JULICH

FORSCHUNGSZENTRUM

A(E, @) = Y/Y(E,0), "ERO-Max"

12 i i : f‘\ :
— D on Be, E=100eV A
- ||~~~ DonBe E=300eV | . .. 1 % .
| Angular part is of 1011 — ge on Be. E=100eV o
Importance, however

It is difficult to take it 8t
Into account w/o
modelling! 6}

Angle of incidence a[°]

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 17



@ Effective sputter yield — pre-characterization run o JULICH

FORSCHUNGSZENTRUM

ERO pre-simulation for the impact angle&energy statistics

Density [cm™] of D*!
Plasma 7 :
— <t
source E .

‘LEax
Plasma :
column

250

200

Simulation
volume

150

100

50

Z (along the plasma column) [mm]

-200 -150 -100 -50 0 50 100 150
X [mm]
- - - - L T
05 1 1.5 2 25 3 35 4 45

x 10"

Eckstein 2007 fit:
Y = Y(E OO) * A(Ein’ ain)

in’

For normal incidence part
we use ERO-min, ERO-max

For angular part we use
SDTrimSP-based data

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 18



Sputter yields assumptions and net erosion

A jOLICH

FORSCHUNGSZENTRUM

PISCES-B Be target

18mm

O Rin[0.0, 3.6]mm
X Rin[3.6, 7.2Jmm
Rin[7.2, 10.8]mm |
# Rin[10.8, 14.4]mm
Rin [14.4, 18.0]mm}

D* ions o 90
E E 2 E E I { IntegratiOn Angle of incidence «["]
0.035
o result
R % ® has ®
> 0.025 <1 ERO-mi g a0
3 b ERC-max No significant dependence on R!
a;; 0.02 0 Eck2002
8 0015 o Eezozremine I Assumption of normal incidence does not
001bond 4 d d 4 lead to essential change of result!
000 Various sputtering data lead to
0 36 72 108 144 18 uncertainty by a factor of 3-4
Be target radius [mm]
26.09.2012
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@ Sputtering by BG plasma (and intrinsic Be) OJULICH

FORSCHUNGSZENTRUM

- “integration” produces effective sputter yields -

D" ions
] 150
ERO pre-calculation
R -
v— normal > 100
\ =
. . >
B=4.8T | a( angle of incidence) 2
\

stagnation

‘......A.A
\/J \J U/ U U

Be', B€** ions

300 1 I T
O "B-angle" =1°
25011 x "-angle” = &°
< 200} O "B-angle" = 20| Frp.i- i B ‘
: : ] % H* "B-angle” = 35 [ S0
Injection of D* or Be* with Maxwell 3 150 FES
energy around T, and uniform initial {0 100p-
angle distribution 50

0 10 20 30 40 50 60 70 80 90
Angle of incidence o[°]

Calculation of sputtering yield according to Eckstein’s fit 2007 for Y(E, a), using
angle and energy distribution as calculated by ERO (including gyration and sheath)

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 20



PISCES-B:
Spectroscopy benchmark — He plasma

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 21



@ Be sputtering benchmark #)oLich

PISCES-B
Improvement in sputtering Az

yield uncertainty
- model testing in PISCES-B

Plasma
—p —t—
source / -
YEaX Simulati
Plasma Y imulation
column . volume
F=™TT G ~ ™ = |
7 B I\
|

Perfect for Be sputtering
yields benchmark

1. Target weight loss

2. Witness plate

3. Spectroscopy

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 22



@ Weight loss & witness plate #)jiLich

sl Evaporative Be
Zj:j:::j:j:j:\lmpurityseeding
:f:f:}:f:f:f:f:fﬁ(*:?:3:3:3:3:3:3:1:3:3:1:'1.5.3'min3:3:1:3:1:3:3:3:1:1:3:13:3;'15:}:}\ 50005/plasma
Thermo- 'i'f'rﬁT?(ji;EjE;EjEjEjET."_?;Ij,IjEjEjE;E;E;EjEjgE;E;E;E;E;E;E;E;E;E;E;‘;E;E;Eg exposure
OO o o I e e e A s e e e
)_._. ___________ ARSI B B I BB RGP SN o S S N A s rrom—
source

Transfer rate;:

76 mm Deposition Cooled
coupon Mo limiter
v e Resistive Be target erosion [Be/cm?/s]
heater coils
Cross-field Thermo- . . 2
fanspoit  conli Witness plate deposit [Be/cm?/s]
guard

Target weight loss
Exp.: 20.4mg ERO-min: 20mg

ERO-max: 70mg

Transfer rate TARGET=>WP
Exp.: 7.5*103 ERO: 1.4*1072

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 23



Spectroscopy benchmark

A jOLICH

FORSCHUNGSZENTRUM

Plasma | At axis, z=150mm Biasing ERO ‘name’

‘P1’ n,=12*10%>cm-3 ‘B1’ V=-50V ‘P1B1’
Te=4.8eV ‘B2’ V=-75V ‘P1B2"

P reutrais= 7 -3mTorr
B=0.0152T ‘B3 V=-100V ‘P1B3’
‘B4’ V=-125V ‘P1B4’
‘P2’ n,=6.5*10%’cm-3 ‘B1’ V=-50V ‘P2B1’
Te=7.7eV ‘B2’ V=-75V ‘P2B2’

P reutrais=3-8mTorr
B=0.0152T ‘B3’ V=-100V ‘P2B3’
‘B4’ V=-125V ‘P2B4’
‘P3 n,=4.0*10%’cm-3 ‘B1’ V=-50V ‘P3B1’
Te=11.5eV ‘B2’ V=-75V ‘P3B2’

P reutrais=2-omTorr
B=0.0152T ‘B3’ V=-100V ‘P3B3’
‘B4’ V=-125V ‘P3B4’

Vast material for benchmark!

(3 plasma conditions) x (4 biasing) x (Bel singlet and triplet + Bell profiles)

26.09.2012
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@ Spectroscopy as benchmark #iLicH

FORSCHUNGSZENTRUM

Axial Bel light intensity profiles in case of Be target erosion

X 1014 -—'IBTBA(Singlet) ¥ 1015 4572 A(singlet)
4 -y e : 4 5F Ty T T — ‘
, == P1B1 Bias. -50V 1 , : : =o=Bias. -50V
3.51wf =@ = P1B2 Bias. -75V } 41 i e =fi=Bias. -75V |
I | =)= P1B3 Bias. -100V 1 ’ ’ =»= Bias. -100V
= 3k —<& P1B4 Bias. -125V | = 3.31 I —4=Bias. -125V||
£ 25}-5m L ﬁ I
-xw . 1L a1 v - v i
s, Experiment | 823
< | =
S L i R -
215 =
2 J B | o e R R -
D L
E 1 ................. E 1 R 1 T S NS N ]
05 0.5
0 : ) 0] 0 T SO . .
PR | i i — i i i
0 20 40 60 80 0 20 40 60 80
z (along plasma column) [mm] Z (along plasma column) [mm]

Let’s try to understand first the integrated light near the target!

Initial population of MS is of importance!!!
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Be MS tracking in ERO: effect for PISCES-B

A) )0LICH

FORSCHUNGSZENTRUM

< 10" 4573 A (singlet)
] == 100% GS
» =8 100% MS
5? /| = »=Unresolved |
i'li —4=GS/MS=1/1
4- ~ . N

W

N

Intensity [ph/(sr*s*cmz)]

—
L

0 20 40 60 80

z (along plasma column) [mm]

<10 3322A (triplet)

=®=100% GS

| === 100% MS ||
= = Unresolved
== GS/MS=1/1

0 20 40 60 80

z (along plasma column) [mm]

26.09.2012
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@ Be metastable state (MS) tracking in ERO O JULICH

FORSCHUNGSZENTRUM

E,ev/\ Singlets Triplets The system of 2 balance equations
can be solved analytically . ..
I N3 4

7. NP i ——— ADAS, T,=1eV, n,=2*10%cm-3

—

— Equilib.
=8=Dyn., init. 100%GS
—&— Dyn, init. 100%MS

o
o]

o
N

Realtive population of MS: MS/(MS+GS)
(@]
(9]

<"GS" 0.2}
1s22¢2 1§ o :
Effective rates: 10 time [s]
1,2) transitions between "GS" and "MS" MS resolved approach allows to treat in ERO

effectively the slow relaxation between triplet

and singlet levels — important if MS

5,6) line intensity (PEC — photon emission population affected by extra processes and
coefficient), contributions from "GS" and "MS" at high plasma parameter gradients

3,4) ionization from "GS" and "MS"

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 27



@ He plasma: determination of initial MS population O JULICH

FORSCHUNGSZENTRUM

Bel 332nm (Triplet) to Bel 457nm (Singlet) line ratio
35 . b""""ﬁ.."""&""""§;.;..Q. ..................... , ..................... , ..................... .“ ........ -

2 5l E"E“*EI-«EI ..................... > ERO MS/GS=1/1 ........ i
i : " : : 5 : <4+ ERO 100%GS |
B MS/GS=1/3

d ........ _q ________ .4 q E::::::;:ét-::..;..é. ........ E E.-E‘- EXD

] e — — E}m Eﬁ,ﬂﬂ ...... _

o
L Ll
.....
i ‘.
N

} < Plasma P2’ > < Plasma P3 >
0 P1B1 P1B2 P1B3 P1B4 P2B1 P2B2 P2B3 P2B4 F’3B1 PBBQ PSBS P3B4

Conditions
Biasing @ -50eV, -75eV, -100eV, -125eV

MS populations should be adjusted! MS:GS=1:3

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 28



@ Intensities near the target: Experiment vs. ERO O JULICH

FORSCHUNGSZENTRUM

Singlet line, but agreement for triplet is similar! _
15 Intensity near target Bel 457nm

4.5 T T T T T T T T I I I I

E" ........ g ~[>- ERO-Max

| ES E— .... .___ ..................... ...................... ERO-Max MS/GS=1/1H

S W 3 <~ ERO-Min

- {¢+ ..................... , ................ ERO—Mln MS/GS=1;1 s

: : El- Exp x5

w
(@)}
:

-
-
t

!
¥
-
witv,
LN
H
=
?’
4
“
L3
-
1

w
T
.
ot %

H +
. *
R Y

-
ot
ar?

| [Ph/(s*sr*cm?)]]
N
v
1
7
i

—
!
i
- -,
- -
. i *uy .1'.‘
*_A 5
. H
» H
- H
L] H
-
-
4
-
L
&
]
-
HE
H
L3
=
=
B
ENA
1

O_Z _____________________________________________________________________________________________ < ___________ = Iasma ..... Eé"' _________ I> g _____ Plasma _____ P3 ____________ > _____

P1B1 P1B2 P1B3 P1B4 P2B1 PZBZ PZBB P2B4 P3B1 PBBZ PSBS P3B4
Conditions

Biasing B1-B4: -50eV, -75eV, -100eV, -125eV

Biasing effect well reproduced!
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C.Bjorkas et al, PSI-2012, J.Nucl.Mater., in press

Be-D molecules in ERO:
Release and further tracing in plasma

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 30



@ ™D simulations of D bombardment #) j0LICH

FORSCHUNGSZENTRUM

7-200eV D ions at
normal incidence

y

= Cell of ~3000 atoms

= D flux ~2-:1028 m=2s-t

= 3000 cumulative
bombardments

= Temperature control
at borders

= Fixed bottommost
layers

hJ
A AN
Y o
v
A

. IFA S
LIS

Be simulation cell Be,W simulation cell

W terminated or Be teminated
surfaces bombarded
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@ Swift chemical sputtering #) jOLICH

FORSCHUNGSZENTRUM

= Snapshots of a
similar event

= The D ion breaks
all four of the Be-
Be bonds

= |deally a surface
Be has nine bonds

= ,Roughnening” of
the surface iIs
needed

26.09.2012 D.Borodin | IAEA CRP on Be, Vienna | Forschungszentrum Jilich No 32



@ ERO input: sputtering yields #) OLICH

FORSCHUNGSZENTRUM

= Comparisons to previous
yield measurements in
PISCES-B with a similar
target shows a better
agreement with pot Il

= Important to account for D,
and D; ions

= 17% of total yield estimated 7 PISCES-B

to be BeD at a” blases | 10 | 20 . 30 | 40 | 50 . 60 . 70 | 80 lQD .1Dl]

= No control of target D" energy (eV)
temperature — no bias
dependency

.'I'FI'I+'I'+I'I'II'I'
[ Including D, and D4 4

1F

01 g

Total Be sputtering yield (%)

MD pot I

D.D1§-. - MD pot | 1

[D. Nishijima et al. 2009]
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@ BeD implementation in ERO A JULICH

FORSCHUNGSZENTRUM

0.3 T 1 T T T T T T
_ B BeD molecules
= BeD yield: 025 I BN Be atoms .
= 17% of total Be sputtering 570 ]
yield in current experiment Soisf Release energy
= If surface T controlled, BeD S oir )
fraction is ion energy 0.05 - -
dependent 0.0
0 5 10 15 20
= Sputtering and reflection: Energy (V)
. -
= MD: BeD sputters as single o35 | MM Single Bo atoms )
. . 1 eD molecules |
Be and has a low sticking 0a| Dcos(®) i
= Reactions in plasma: 5[ Release angle
.. S 0.2
= BeD + e collision rates £,
calculated o
0.05
0.0

0 10 20 30 40 50 60 70 80 90
Angle to surface normal ¢ (©)
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@ ERO input: BeD reactions in plasma OJl’JLICH

FORSCHUNGSZENTRUM

= BeD + e collision rates depend on Important reactions
T, and vibrational state v ¢ +BeD - ¢ + BeD*
= Assume v=1 and transitions e+ BeD - ¢ + BeD*
Av=0
e + BeD —
e + BeD*
Thanks for consultation to R.Janev — e+ Be(3p)+D(s)
~Metastable now!

_| Photon emission coefficient |_

g — lonization of BeD
107 k 107 b ---- Digsociation of BeD
3 ... Diss. recomb. of BeD+
2 - e o
5 / [Nishijima eflal. 2008] § _
@ 10° F ¢ 3 o) .. [Roos etlal. 2009]
@ T
(i C 10" F Y /
FE — Calc. excitation rate 1 s /
| O Exp. photon emission | I /
i e Fit 1O €XP. 10" E /
109 [ TP TN TN TN T RN TR TR T E N AP i
0 2 4 6 8 10 12 14 16 18 20 1 10 100
Te (V) Te (eV)
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@ Comparison of BeD light #) 0LICH
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= BeD (497.3 - 499.2nm) light emission profiles agree well with
experiments

1.0
0.8
0.6
0.4

0.2

Normalized light emission (A.U.)

10 20 30 40 50 60 70 80
z (along plasma column) (mm)
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@ Comparison of BeD light #) jOLICH

FORSCHUNGSZENTRUM

= BeD (497.3 - 499.2nm) light emission profiles agree well with
experiments

L —T—
-140V —— ERO
E‘m” n Exp.
Py
(&Y
£
L
2 10"
=
o
)
L0
5 10" 2
'E, Range
- - including
I ! . . , . . . uncertainties
10 ' : : - : : .
20 30 40 50 60 70 8o INncandT,

Can be explained by i
uncertainties in

sputtering yields or

spectroscopic data

Z (along plasma column) (mm)
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PISCES-B:
Spectroscopy benchmark — D plasma
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@ Spectroscopy benchmark

A jOLICH
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Plasma | At axis, z=150mm Biasing ERO ‘name’
‘A n.=4.9*10'2cm-3 V=-140V ‘A140°
Pneu;:-:;j;jr\n/Torr V=120V Al20
B=0.0152T V=-80V ABQ
Ppiasma = -17€V V=-60V ‘A60’
¢ B ’ n,=2.6*10%cm-3 V=-140V ‘B140’
Pneujr-:;f f7er\n/Torr V=120V 5120
B=0.0152T V=-100V ‘B100’
Ppiasma = -12€V V=-80V ‘B8O’

Strong influence of BeD release (recently provided in ERO)

Vast material for benchmark!

(2 plasma conditions) x (4 biasing) x (Bel singlet and triplet + Bell +BeD profiles )
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@ D plasma: line ratios> MS population #) JULICH
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Bel intensity ratios near target 1(322nm)/I(457nm)

oY I S—

2.5 4

T PR S—

[ I S—

_ .............. b ERO MSGS=1 ) E‘"E-Eu..",“"":ﬂ ........... -

... .............. ERO MS:GS=1 : 1 ................ ...._. ................................ , ............. -

¢+ ERO MS:GS=1:3

gPIasma A > <- é)lasma B '>

A120 A80 A60 B140 B120 B100 B80

Conditions —
Biasing [eV

MS populations should be adjusted! MS:GS=1:3
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@ D plasma: intensities at target

A jOLICH
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| [Ph/(s*sr*cm?)]]

O = N W >
O Nl W o A O

o

x 10" Intensity near target Bel 457nm

L¥ )
* e :
hiLL H
L]
»

o
......
x

I>- ERO MS:GS=1:3|
x20

-
™,
.
..
Ll
s,
T

R
H L
L

X ______________________________ PIasmaA ____________________ E> _______________________ < ___________________

A140 A1 20 A80 AGO B140

Conditions

i i '
B120 B1Q0 B80

Biasing [eV
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D Borodin et al, PSI-2012, J.Nucl.Mater., in press

Spectroscopy benchmark at JET ILW
(plasma density scan)
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%4 JOLICH
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1. JET-ILW Be/W ITER-like Wall completed - 8" May 2011

L B

" {

BE: -y g s =
a0 " &) L) S o - e
R W& &7 o= u

v b o

toroidal

i
o s

‘ ﬁ
3 >
i S -
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Line-of-sight integration

A jOLICH

FORSCHUNGSZENTRUM

Emiss. int. [Ph/(sr*s*cm?)] of Bel 457nm

E b DU Limiter

= 200f L g ---FLrs |

£ R ¥t --- Spot

@ . _ e

o { e

= p

¢ ”

w

®©

Q

L

Pt 0 F 1 1 1

N 400 -300 -200 -100 0 100 200 300 400
Emiss. int. [Ph/(sr's"cmz)] of Bel 457nm

'g‘ 250¢ ) e

S ™ g - - ~—— Limiter

=00 NG N, Be?, high density SeaTFL RS

@ ~ ~

S 150} ~~=Spot

[&]

£ 100

1]

© | o e S

o 50 5 5

pe]

=y 0 3 1 1 1 . g —

» -400 -300 -200 -100 0 100 200 300 400
Emiss. int. [Ph/(sr*s*cm?)] of Bell 467nm

'E' 250 [ .

£ - - Limiter

= 200} Cylindrical -\ Be*, high density|  |---FLFs

‘g 150 Spot = 3D! _\-d__:-' . -y ""SpOt

o N — :

£ 100

(0]

© o

a 50
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@

ERO&Experiment: Bell light #) OLICH

FORSCHUNGSZENTRUM

Line intensity | [a.u.]

5 Bell 527nm
16 5 : . : : : —
+ Experiment :
141 i* ERO-Max e seees s T R R N : ................. i
ERO-Max, no s-sput| : *. i
--- Dens. 1(80836) | - o
12H === Dens. 2 (81015) | iwmmmsr S—— AR ——— I -
] o ]
10 e ————— : ............................................. ,“. ....................... s #-'- ............................................................ | FN— -
HE- + 1
B I a
S [T A R R . S R S [ i
® TR +++*+$ : -
TR O+ + I
L g FEY
6 i et .}.-&.-I- +o] Self Sputterlng by Be |mpur|ty
it I%! improves match of ERO simulated
A e i ........ .................................... ...................... trend Wlth experlmental OneS
ERO/experlment results | 1 ° - ST--—-Z----—C-L----—
are normalizedto  |... b e To get effect strong enough s- sputter
. . | i i
match at this point o | yleld doubled, Be comes as Be3*. . .|
ol i | . “'a““?““i"l'“l""
2 3 4 5 6 7 8 9
Interferometer: ne[m'Z] x 102
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ERO&Experiment: Bell line ratigj[ju(;H

FORSCHUNGSZENTRUM

Bell, line ratios

20

I+ Exp., I(46I?nm);’l(52:7nrln) § :
181 X Exp., I(467nm)/i(483nm) W o Absolute values!
- ERO, (467nm)/I(527nm) X :
16} ERO, (467nm)/I(483nm) ” i
--- Dens. 1 (80836) « x""*“ i
14H{ === Dens. 2 (81015) ”‘i &""'xx i
1 1
" e I — S
) ™ i Ratios inside
5 10 i i Bel and
o : l Bel/Bell are
i i also within
6 | | factor 2!
1 1
4 i i
- R e i
2 :“‘*ﬁ‘#ﬂrrr#rrrrrrrr-------* ............... ‘* nnnnnnnnnnnnnnn w ........... : ................. i
1 1
0 : !
2 3 4 5 6 7 8 9
Interferometer: ne[m'Z] x 10"
Indicates that atomic data (ADAS ‘96’) and simulated Be
transport (3D density pattern) are reasonable!
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Further ERO applications for
Be experiments at JET
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@ °Be experiment — local transport study 4 JULICH
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l—
m= —
47 X 5Z 6X 6Z X (4 8 X
" Beryllium
B W-coated CFC B0 i oo
(Be-coated) Inconel IWGL Assembly

(5 tiles per assembly)

Redeposition on the ,,wings*
Benchmark for ERO (similar
geometry, plasma conditions,

etc.)
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@ owvB JETinstallations 2011 and 2012 4 JULICH
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QvB 1,2,3 ’

sﬁ
EJamB 5

T IOSRp
T

Schematic showing location of
QMBs in the divertor

QMB systems on divertor carrier, tiles _
removed QMB 1 Module 13 inner

QMB 2 Module 2 inner
QMB 3 Module 2 inner
QMB 5 Module 2 inner

replacement during present
shutdown in BeH facility in
November supported by FZJ

QMB 4 under LBSRP
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@ JET — ERO simulations of Be in divertor ~ A JOLICH

FORSCHUNGSZENTRUM

height (

Carbon wall
Erosion/deposition behaviour on QMB
Group A: - SP on tile 3

- deposition on QMB
Group B: - SP on tile 4

- erosion on QMB
(H.G. Esser et al., PSI 2008)

QMB below LBSRP (restart 2005)

~  3.06-05 ap to QMB
g A i
(<] 2.0E-05 - /ﬂl %}\
5 111 4
@ — 1.0E-05 =1
5 8
$5 oo HUUNL B ool
2 E & gg %8 g 23338883
0 0805133 e
é o o] T
N IV

> -2.0E-05 Y
z 11
> -3.0E-05

JET pulse group number
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New linear devices in FZ Juelich
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New research programme at FZJ:
PMI in nuclear environment

A jOLICH

FORSCHUNGSZENTRUM

Integrated concept to test neutron irradiated and
toxic plasma-facing materials under high heat loads
and plasma exposure in Jilich

¢ Electron beams JUDITH-1/2:
Thermo-mechanical properties of plasma-facing
materials (fatigue, shock resistance)

¢ Linear Plasma Device JULE-PSI:
PMI processes defining availability of reactor
(material erosion, fuel retention and dust
formation)

e-beam for high
heat loads

Linear plasma for
PMI processes
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JULE-PSI: Julich Linear Experiment for i
@ PSl studies in Hot Cell o, JULICH

Based on PSI-2 / PISCES type device PMI studies with

. : * Neutron irradiated material
Installation in the Hot Cell for handling of . Al \?vljslllomate?iilz iendcl Seer Iallijm
radioactive and toxic materials - DELVUIUM

* Low quantities of tritium

Envisaged installation in hot cell

Zufuhrung
des Behdlters

r mit Hubwagen T
* ‘/T’i‘.
\.l _ /.,) ‘
Manipulatoren
O O Warmetauscher Zh
¥ T T W
B vatl LI ipL
iebetl
=

Eingang ¢ Planning is in advanced
stage
¢ Refurbishing of Hot Material
Lab is completed

. ¢ Infrastructure for JULE-PSI
P i i — installation is being prepared
o ¢ Licensing procedure for hot
: cell installation is ongoing

Beobachtung
| Dementagereum Manip. |

PSI-2 is the pilot experiment of the JULE-PSI project outside of hot cell
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PSI-2 as the pilot experiment A
@ of the JULE-PSI project J JULICH

Aims of PSI-2 as the pilot experiment
¢ Test-bed for components and solutions for JULE-PSI
¢ Train personnel operating linear plasma device

¢ Contribute to current PMI research topics,
including studies with a Be proxy

Plasma :
Possible sample
source g
positions
l ¥ . // Target Exchange and

% Analysis Chamber
v Linear drive of

/ target station

Side-fed
manipulator
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Collaboration with UCSD i
@ to qualify aluminum as beryllium proxy JJULICH

PISCES-B linear plasma device

PISCES-B is contained within an isolated safety enclosure
to prevent the release of Be dust

Joint experiments on PISCES-B planned for October-November 2012

¢ Exposure of Be and Al samples to deuterium plasma at the same
conditions under variation of incident ion energy

¢ Comparison of erosion rates by spectroscopy and mass loss
— Validation of spectroscopy on aluminum
¢ Comparison of deuterium retention by thermal desorption spectrometry

» If the results are positive, Al can be used as Be proxy in PSI-2
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& Be proxy ) 0LICH

FORSCHUNGSZENTRUM

Spectroscopy

Electronic configuration: Mg 3s? Be 2s? Al 3s23p (=3s3p?)

Physical properties (atomic number, mass) compared to Be(6, 9)

Oxygen
_ Oxide layer on surface
Melting point
923 K 933K

Safety issues?.. Which ones?..

Selected by ITPA . ..
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A jOLICH
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Laser techniques
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@ Laser-based surface analysis overview ,J JULICH

FORSCHUNGSZENTRUM

Laser-based diagnostics:
« Laser-induced desorption spectroscopy (LIDS),
» Laser-induced ablation spectroscopy (LIAS) and
» Laser-induced breakdown spectroscopy (LIBS)

I
fﬁﬁﬁ
ot

Laser beam (ms)
Laser beam (ns)
Laser beam {ns)

LC " W, Be

: LW
Deposited layer

Be
Deposited laver

e, ) Deposited layer

a) LIDS b) LIAS c) LIBS

ldea: only fuel
desorption, no
material ablation

Material ablation Material ablation
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ITER- like LIDS, LIAS, LIBS system at TEXTOR A JOLICH

FORSCHUNGSZENTRUM

coaxial observation
fibre to hi-res spectrometer
(5-15 pm) range: 363-715 nm
synchronized with laser

IR camera (3 types) 300 — 7000 K

neutral density and
spectral filters

coaxial laser injection
and observation sytem

vertical observation
8 bit vis camera
50 Hz, 0.2 Mpixel

with image intensifier

path in vacuum:
2200 mm

toroidal
field coil

iarallel vertical laser beam (LIDS (3ms, fiber), LIAS and LIBS (20ns, mirror based)

horizontal observation

integrating spectrometers
/(-. polychromator
|

(fast diodes with filters)

spatially resolving

spectrometer

5B

horizontal observation {

1 a7 T

A e

sample

‘y imaging lens field lens

14 bit digital vis camera
100 Hz, 0.3 Mpixel,
synchronized with laser,

; 1-1%05 1 ' with gateable image
‘ 3 PK31 intensifier (10 ns — 60 s)
limiter lock system PK14
R =1750
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@ Future plans for ELM simulation #) J0LICH

Experiments in PSI-2

Target position 1

___Target position 2
~===~._ Target

N

Exchange and
/ Analysis
Ck}amber

Target position3

Linear manipulator
Gate valve 1

\
Gate valve &
\\\

Plasma parameters: S~sao-~”

Diameter of plasma column in target chamber 60 mm
Electron density 1017 - 1020 m-3
Electron temperature 1-20eV
Particle flux to the target 10°1 - 10 m2st
Incident ion energy 10 — 300 eV (target bias)

Min. neutral gas pressure in target chamber 102 Pa
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@ Laser exposure system at
PSI-2 analysis chamber

Target Holder: I

e rotatable ___M__L____

« heatable up to 600 °C
« with active cooling 5
« exchangeable &
Laser injection unit

Laser heat load experiments:
 Unexposed and
 Plasma pre-exposed samples
(without plasma background)

A jOLICH

""""""""""""" TRUM

Target Holder -

|

QMS

T

7 adl

O
1
o

%

Visible
Camera

IR camera

Without breaking the vacuum in the plasma chamber the probes can be
removed easily for post mortem analysis.
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@ Laser exposure system at PSI-2 !)JGLICH
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Target Holder:
* rotatable
« heatable up to 1600 °C
« with active cooling
« exchangeable

Laser beam

Plasma
source ~y N

L |

A
. . >
Laser injection unit

« Transient heat load experiments in the PSI-2 facility simultaneously to a steady
state plasma exposure (with plasma background).
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& Summary J I

FORSCHUNGSZENTRUM

« The ERO code is a useful bridge allowing to benchmark
various PSl-relevant Be data (erosion, atomic and
molecular processes, etc.) with plasma experiments, most
of which are difficult for an interpretation

» Benchmarks at PISCES-B and JET
» MS-effect Is demonstrated to be of importance

» Be-D molecules tracing instroduced; benchmark ongoing
» ITER predictive modelling; sensibility analysis

« FZJ developes further experimental techniques relevant
for Be research

» New linear devices (hot cell JULE-PSI operation not earlier
than 2015!)

» Laser techniques for TEXTOR/ITER and linear devices
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The End
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