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The road to tungsten may be long and tedious...
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A brief look into history

« vacuum compatibility of PFCs was first priority
in early devices
— gold plated stainless steel liners in ORMAK

* low low-Z content — higher edge temperatures &
higher performance, better core confinement
but higher sputtering source
— impurity accumulation — hollow T,
in PLT when using W limiters

-
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 need for low-Z PFMs, availability of vacuum
grade graphite and benign behaviour under
thermal overload
— adoption of C PFCs in almost all fusion devices

ELECTRON TEMPERATURE

T 1T 1T 17 71T 71771 I

« operation with high current high density and/or

divertor allows to use refractory (high-Z) metals
(low plasma temperatures in contact with PFCs!)

temperature profile in PLT
during W accumulation
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Benefits and Challenges of High-Z PFMs W

 Why do we need a substitute for C based materials

» EXxperiences in present day machines
— ,High'’-Z devices
— diagnostic for W
— hydrogen retention
— W erosion
— W concentrations and transport
— behaviour under powerload
— effect of n-irradiation

« Extrapolation to ITER
e Summary / remaining issues
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Why going back to refractory metals? W

Motivation to abandon C-based materials in a future reactor
- fuel retention by co-deposition with C

- high erosion of low Z materials

- stability against neutron damage

Challenges for operation of a full high-Z device:
- tolerable impurity level much lower than for low-Z (¢ < 102, ¢, = 5x107°)

- reliable tokamak operation scenarios
- compatibility of standard & advanced H-mode scenarios with a full high-Z wall

- compatibility of heating methods: ICRF

High-Z devices: TRIAM-1M, FTU, Alcator C-Mod, ASDEX Upgrade
High-Z test PFCs: JET, JT-60U, TEXTOR

Other important constraints
Material properties, change under n-irradiation, diagnostic issues, ...
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Rationales for plasma facing materials W

Low erosion rates:

— low power loss by dilution /
radiation originating from Sputtering Yields for D
impurities 10 BN

— |ong lifetime of PFCs

— |low dust production
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Rationales for plasma facing materials W

Low erosion rates: .
4o Radiation Loss Parameter

— low power loss by dilution / 10
radiation originating from 031
iImpurities fon
— |ong lifetime of PFCs § 10 732
— low dust production ~ a3
n = 10
— |low T co-deposition 2
. o
Low atomic number Q 10"
. . c
— low radiation loss parameter 9
@ 10"
5
©
10 -
10 -
1 100 1000 104 105
Losses through electron temperature T (eV)

dilution (low-Z) :ngr=n, (1 -2n,)
radiation (high-Z) : P,/ V=L, n,n
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Rationales for plasma facing materials

Low erosion rates:

— low power loss by dilution /
radiation originating from
impurities

— |ong lifetime of PFCs

— |low dust production

— |low T co-deposition

Low atomic number

— |ow radiation loss parameter

1022

Losses through
dilution (low-Z) : npr=ng(1-2ny,) 10
radiation (high-Z) : P,/ V =L, n; n,

20- .
5 10 50
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Boundary Conditions for PFMs in a Reactor

Integrated approach necessary

plasma behaviour:
confinement, MHD-stability,
operational limits,
threshold behaviour

n-irradiation:
embrittlement,
swelling,
transmutation,
activation

technological
Issues:

material properties,

machinability, ...

impurity behaviour:
penetration, transport,
concentration, radiation,
other intrinsic impurities

erosion,
deposition,
H-retention,
migration
diagnostic:
identification,

quantification of
influx and density
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Boundary Conditions for PFMs in a Reactor
Integrated approach necessary

nuclear reactions
(n,y), (n,2n),(n,p), (n,o);
produce other elements/

plasma behaviour:
confinement, MHD-stability,

arrangement oyl :
quantification of ~ adressed in

influx and density fusion devices

isotopes: for o operational limits,
= change of mechanical V@@ threshold behaviour
properties, _ _ _
— radioactive waste n-irradiation: impurity behaviour:
embrittlement penetration, transport,
embrittlement by swelling, concentration, radiation,
displacements transmutation other intrinsic impurities
main concern activation
erosion,
: deposition,
technological POSITC
o iSSUeS: | H-retention,
- exa? 5 . | migration
cracking after V material properties, |
. o |

thermal shocks machinability, ... i diagnostic:
— castellation, 'macro-brush’ AT :

| identification, ISSues

|

|

|

|
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Benefits and Challenges of High-Z PFMs W

 Why do we need a substitute for C based materials

* EXxperiences in present day machines
— ,High'-Z devices
— diagnostic for W
— hydrogen Retention
— W Erosion
— W concentrations and transport
— behaviour under powerload
— effect of n-irradiation

« Extrapolation to ITER
« Summary / Remaining Issues
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FTU (ENEA Frascati) W

“all metal” tokamak Toroidal limiter
(R= 0.93 m, ——

a=0.28 m,

B, <8T,

I, 1.6 MA)
first wall
SS + boronisation
poloidal limiter
(untill 1994)
SS, Inconel,
TZM, W
toroidal limiter
(since 1995)
TZM (~ 1 m?)

FTU vacuum vessel
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Alcator C-Mod (MIT)

L

| /

0 0 O 0

T T T Y I T T71
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divertor configuration with Alcator
a complete set of bulk )%Od
Mo-tiles ‘

one toroidal row
of W lamella tiles

B. Lipschultz et al., PSI 2008
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W divertor in ASDEX Upgrade (1995/1996) W

¢ ¢ 0.5 mm W (PS) on graphite tiles
e coverage of 90% of the strike zone
e no damage during operation:
- 800 plasma discharges,
- heating powers up to 10 MW
- max. average heat load < 6 MW/m?

Q)

graphite tiles

tungsten tiles
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ASDEX Upgrade (full W since 2007)

aux.
limite

W-coating starting
with campaign

Bl 2003/2004
{ guard/
i H:ﬂﬁ;‘rg 2004/2005
I‘ i}] 1 2005/2006
{ /4 B 2007 W coatings on fine grain graphite:
\ lower PSL - main chamber, inner divertor:

PVD 3-5 um

- outer divertor
VPS 200 ym —|PVD 10 um
from 2009 on

16
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JET ITER-like Wall Project (from 2011 on)

Full metal device: W o B sy s
inertially cooled ; .

Be main chamber ek S S '

- bulk limiter and dump plates G T

- Be PVD coating on Inconel Lowers ™ :

W divertor /

high power / fluency areas
- tile 5: bulk tungsten
- divertor (except tile 5),
main chamber (mainly NBI
shinethrough areas):
10 — 20 ym PVD coating B s .
G. Matthews, Phys. Scr. T128, 2007, 137
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JET ITER-like Wall Project W
Layout of Bulk W Tile (Tile 5)

8 stacks of tungsten lamellae
with rear castellation

Full divertor unit
(one row in JET at outer strike point = 48 units

or 96 tiles)

e,
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Inertial cooling +
metals (huge EM forces) +
W is a refractory metal

‘Wedge’ carrier with
deep toroidal
cuts against

eddy current loops

8 feet (with sandwiched insulating TZM spacers)

rest on the CFC base carrier

Ph. Mertens (FZ Julich)
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Devices for plasma irradiation: linear plasma simulators W

Expmple: Confinement
LA PISCES-B Devices
lon flux (m2 s1) 1023 1023- 1024
lon energy (eV) 20-300 (bias) 10-300 (thermal)
Heat flux (MW/m?2) 1-10 1-10
T, (eV) 2-40 (thermal) 1-100 (thermal)
N (M3) 1017-10"° 1018-1020
Impurity fraction (%) 0.03-10 1-10
B (Gauss) 200-1000 10,000
Pulse length continuous 10-30 sec
Fluence/disch.(m?) up to 10?7 10%4- 1020
Target materials C,W,Be,Li C,W,Be,etc.
and coatings (any unirradiated)
Surface Temp(°C) RT-1100 RT-500
Plasma species H,D,He H,D,T,He

R. Doerner et al., UCSD
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Devices for power loading of (W) PFCs

Diagnostic
_~ windows
Vacuum 600 :_
chamber ‘/f\\ >
(receiver) / \ \;—
VAT
Target Plasma flow

A. Zhitlukhin, 17th PSI, 2006

steady state: QSPA plasma parameters (ELMs):

« Heat load 0.5 -2 MJ/m?
plasma generators, . Pulse duration 0.1—0.6 ms
lon beams, e beams » Plasma diameter 5cm

_  Magnetic field 0T
transients: - lon impact energy <0.1 keV

e beams, plasma guns, quasi » Electron temperature <10 eV
: « Plasma density < 10?2 m-3
stationary plasma accelerators

Int. ITER Sum. School, Aix en Provence, June 22-26, 2009 R.Neu 21



Benefits and Challenges of High-Z PFMs W

 Why do we need a substitute for C based materials

» EXxperiences in present day machines
— ,High'-Z devices
— diagnostic for W
— hydrogen retention
— W erosion
— W concentrations and transport
— behaviour under powerload
— effect of n-irradiation

« Extrapolation to ITER
e Summary / remaining issues
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Spectroscopic diagnostic of fusion plasmas W
S/XB method for influx measurements

schematic view of processes involved in

W-flux measurements prerequisite:
recombination negligible
< increase of T, n,
prompt :
- influx
fe-deposition ™ =
o Big= | hshsSiax
E g los
emission = n
- photon flux
oLa 2“ P j
pho- =1 [, = )] nan, XB dx
ton \(XB |X @& L g =0 5
®)
o)
W (W)— & = Lalh = SIXB) (o)
sput- 3
tering =

S: ionisation, X: excitation

line of sight > B: branching ratio
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S/XB for W | (400.9nm)

Calculations of S/ XB for W |
(400.9 nm)

100 | Beigman et al. PPCF 49 (2007) 1833
e jonisation rate
10 4 - .
. ; ATOM code calculations
% : .
* (lowest configurations)
13 ] o Rt oSzt oo =157y » excltation rate:
] v A.Geier et al., Plasma Phys. Control.Fusion 44 (2002) 2091-2100 . .
® Steinbrink et al., 24th EPS 1097, Vol. 21A, Part IV, pages 1809 - 1812 - Sem|_emp|r|ca| V. Regemorter
Caloulated Twe 0.3 oV . :
e caloulated Twi= 1 &V formula (complicated coupling
5 10 15 20 25 30 scheme + configuration mixing)
Te/eV . .
- corona approximation: only
excitation from ‘ground’ state
Int. ITER Sum. School, Aix en Provence, June 22-26, 2009 R.Neu 24



Spectroscopic diagnostic of fusion plasmas
lonisation shells in the central plasma

lonisation equilibrium typical radial plasma prc.’f"es

governed by i 18
Coronal approximation Al 14
0 - it P
EnZ+VF = (1); I,

ne(Ny_Sz_+ny, 05,

—nzS, —n;0,)

-c-% 01 o =
: = w® \ W2 ]
weak influence of = W =
plasma transport on o N
[
shell structure — |
0070 0.2 04, 06 0.8 1.0
= pol
I'y=D;Vn;+vzny, ionisation shells with (colored) /
without (black) transport
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Spectroscopic diagnostic of fusion plasmas
Impurity concentrations from LOS measurements

Comparison of measured |y, and
calculated | intensities

1
I.=— [ hivngn.{ov.)dl
=1 | Pwne {ave)
n, density of impurity in ionisation state x
N, electron density

spectro-

<ov> excitation rate coefficient

n T — erf-; np - f T " 7?«:

f,  fractional abundance of the impurity
lonisation state x
Cimp iMmpurity concentration

, B 4« 1,,
C.mp ONly valid within the emission shell! [ T hw fan2{ov)dl j
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W Spectroscopy in the VUV and SXR
Revision of ionization equilibrium

Relative Fractional Abundance

o
S

0.10¢

0.01

CADW + modified ADPAK
I
N '|a:_'_'3 :‘j&‘hﬁ';'!!-.,.,
U i RORNER: !
ADPAK + ADPAK £« | [T}
\; HE N
1 e \
.; .i:l:ii"’ H \
!B '
.' l’"iil : ‘I
1 49 . '
'. b i 1 : “‘
- " «- \‘_ L
P! A \
H y N : 1
] |‘ :
Y
«!i.?.! i CADW + ADPAK
2
i :
il

1000 2000 3000 4000
Te[eV]

1000

-...
~

-
- PR S S

2000 3000 4000

Te[eV]

Deduced fractional
abundance versus
temperature
different discharges:

symbols
different spectral lines:

colours

Use of CADW

lonisation rates
(S.D. Loch, PRA 2005)

and adjustment of
recombination rates

allows good de-
scription of emissions

Of W24+ _ W48+

Th. Patterich (PPCF 50 2008 085016)

Int. ITER Sum. School, Aix en Provence, June 22-26, 2009

R.Neu

27



W Spectroscopy in the VUV and SXR
Revision of ionization equilibrium

standard
ADPAK"

[V}
g 10 " 28+ 37+ "46+———— 55+ 64+
g 384— 134+4 56+*61

_ +45+ 62+ 63+
g . —"'\ 3‘+ ”0’%’” 0’0 R 0 0 """ ‘, ‘
< 0'1? ” N’on " l‘ ’Q ’OW’C
— z N 0
= Q“’Q‘
T C
g ol

-(a) ADPAK + ADPAK
<1)0.001‘ et
O 10— 37 374 A6+—————55¢4
g A 434tl+4ﬁ+ 56+761+:
= RIS S i >Z .
% 0.1 .””;z”:::;v\‘\"ﬁ’ '\ '00”
E R 's‘ ’ 'm
% 0.01 ”’ ON \Q ’
= Q\\ \5 ’
.—

() CADW + modlf ADPAK

0.001 Lo

ionisation/
recombination
rates

CADW
jonisation rates

1000 TalkeV] 1 0000

ADPAK
recombination
rates
(adjusted to
experiment)
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Calculation and (Benchmarking) of Spectra
for AUG and ITER

Modelled W emission (ADAS) @ different temperatures

g modelled spectra for W concentration of 107 fractional ion abundance vs plasma radius
m T T T T T T T
9 1 -_Te.centl'.z 4kev , ne,centf.z 6-5 1 019m'3 [ _- b= Wfi6+_)W38— (N|9Kr-||ke)
— . ASDEX Upgrade || Sy
[
E - -
I __________ L
= :
L T :
E T T Y | P K NAY K
w0/ A A T BT+ WRH (Rb>Sn-like)
c\:"-’ o N ) = | —— ‘ +——0.01
IE - -re'centr.z 18kev ; ne,centr.: 1 .4' 1 0 Or‘n-3 - -
< 10 _ITER _
ke I - NG
o a%i”
s - 1301
(0] g
c X 1B
.(_U ! ,‘E-
© B “"' ¥\ A i f%.'.
o - A ) AAAAAA XS
= i WStaW7* (Ar=aCo-like) \/\ i
8 0 1 | Y AL Tk 0.01
3 0.1 1 10 0.0 1.0

A [nm] normalized plasma radius
Th. Patterich, PPCF 50 (2008) 085016
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Benefits and Challenges of High-Z PFMs W

 Why do we need a substitute for C based materials

» EXxperiences in present day machines
— ,High'-Z devices
— diagnostic for W
— hydrogen retention
— W erosion
— W concentrations and transport
— behaviour under powerload
— effect of n-irradiation

« Extrapolation to ITER
e Summary / remaining issues
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Strongly reduced D retention after transformation to
W PFCs in ASDEX Upgrade

W coverage (%)

36 61 69 88 100 D Retention in Lab. Experiments and AUG
1028 Forrrmr—rrrm e
F| ® PC-W (AUG divertor, Langmuir probe)
10 3 i//? [| A vps-w (AUG divertor, 200pm coating)

—_

o
N
N

"~ \$\

!
AN i

—

o
N
=

D-Inventory in 3000 s [g]
Amount of retained D [D/m 2]

0.1} A \.\' 10%° 2:;)3?(\;D—>PCW
3 e derer SN E
"o Remote areas. Campaign o I i
02/'03 ' 04/'05 05/106 0'7 100 102" .1022 1083 10% 105 10% 107
central upper  LFS lower Incident fluence [D/nm?]
column divertor limiters divertor

K. Sugiyama et al., subm. to NF

deposition areas: strong reduction of D co-deposition with C
erosion areas: slight increase due to diffusion in W

consistent with laboratory results and particle balance measurements
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(Surprisingly) large D retention in Mo observed in C-Mod

retention ~ independent of density when normalized to divertor ion fluence

(]
1.2¢ : ' ',‘ ' ] : : : cator C-Mod (Mo g
[0 eaned (107 .|  -implantation of ions e o ) £ £
- R drives retention © ©200 eV, Ogorodnikova (W) S
04 N _ : o 24l A0SV Nerrau ) |
oof - ] - reaches 1-2%, >> 1052 gm ' X '
OF - : + ; ; . . L C-Mod
60 Divertor D* fluence [10%'] : B that predicted for Mo __ ., discharge
407 - | - stronger fluence £ sequence
281 B 3 dependence than B 10%
60 [Inferred wall D* fluence [102'] %: from |ab0rat0ry data %
a0f =l e 107
20| m ] : £
o mam m =" . reason(s) for discre- £
ARTE e — 5 E [0
4 _DlvertOED ﬂuencs retained (%) 15 pancy not yet clear: a ;
L \ '.‘ _§ . 10 ) 5
2o goag  lrap creation by L
ol - N Impinging 1onNs 1021 1022 1023 1024 1025
06 08 10 12 14 16 -reduction of recombi- Incident fluence, T" [D*/m?]
e [1020 m3) : : o
nation by impurities ‘Alcator

)Cyﬂod
B. Lipschultz et al., PSI1 2008 and NF49 (2009) 045009
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Co-deposition ratio from laboratory and linear devices

Dependent on temperature, energy, flux ratio:
(D+T)/C = (2.0 -102) EO (L' p,7y/Tc)° 2268/)
(D+T)/Be = (5.82 -10°) E 17 (I p,7y/T'ge) 02" €(2273/T)

(D+TYW = (5.13 -10°9) E 15 (I, 7Ty )04 €720 ™

—_
Q
|

Example:

T= 500K, Tps7)/Timp=100

imp

Tritium concentration (D+T1/X)
)

(D+T)/C =0.6 10°
(D+T)/Be = 0.04 1o B
1 0 BeotC -
10_4-. O WC 'D—.

300 400 500 600 700 800 900

R. Doerner, UCSD Temperature (°C)
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Benefits and Challenges of High-Z PFMs W

 Why do we need a substitute for C based materials

» EXxperiences in present day machines
— ,High'-Z devices
— diagnostic for W
— hydrogen retention
— W erosion
— W concentrations and transport
— behaviour under powerload
— effect of n-irradiation

« Extrapolation to ITER
e Summary / remaining issues
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W erosion yield W

« W sputtering yields 107 1% W ;
100-1000 times smaller 0 :
than for C, but strongly I 1
dominated by low-Z intrinsic 5;; 0t N .
impurities 2 Catopostion "

« hints for prompt rede- H o5 W pow
position of W = \emsion §

- very small migration into o) IR O A vt
main chamber R Y

« even larger yields (> 10-2) in prompt redeposition
TEXTOR cfr<02 oW ot
K. Krieger JNM 266-269 (1999) 207 Wit20.9 ol )
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Increase of limiter W sources and W concentration
with ICRH in AUG

' #23057
ICRF heating causes strong 5 -
increase of limiter erosion and W LW |
concentration 107 T U
L I RN ANV A
« W sputtering induced by _ 107 é‘wwf”“‘?“ e | E
accelerated particles in rectified 10 ST AP ‘4 IE
sheath = 1L o W e el
. : Wi iy R
- limiter source much more = o dim -
efficient' than divertor source ;0-15—” B e L 5,
(> 5 times, depending on ;,"CDD,ppff ."AtELMM ’ | -
| o | [ i b '
dochargo parameter) i *“:f*ﬁ Wb L1 |24
similar results for Mo sputtering W( 'f) Wﬁ oL =
at C-MOd 18 } ! ' W vy v O
correlation also found for g el NBI ]
increased limiter source in radial T | EcRH |1C‘RF e
scans o [T e
2 3 - 5
R. Dux, JNM 390-391 (2009) 858 ts]

Int. ITER Sum. School, Aix en Provence, June 22-26, 2009 R.Neu 36



ELM Cycle at Low Divertor Density W

#21852 RONO14 S=1.14m
:II 82 €-Ww‘v\fw»?’ \W m&-%w’i LR, ““M ISPV EaN
0% Y
. divertor temperature _ 195 ©ff = —
petween ELMs: o | Tw(S/XB= 20)(ELMs: 46.1%) |
~ = | | | ﬂ |
~ 20eV S T
g q_ff“.\_ﬁﬁ‘_;f\_ﬂ__ﬁwh __J I'T“-\_TMJ»'?&M,,__J;L\ﬁ_M_J N : JL,__
 Considerable influx w; 1“N(S/ XB= 6f-~) A
also inbetween & A \Ww A \M L \ w’ — A
ELMS — 08
w; | Jsat f
« ELMs contribute & | | fy .'l
e "“. e ” $_~J\ "l N k\-\___,__ﬁ N
< 50% to the 50 P | —
W-influx S Tediv S
/ ,WW w ‘w/ W m N M /Mm
0
2.00 2.02 2.04 2.06 2.08

t(s)
R. Dux, JNM 390-391 (2009) 858
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ELM Cycle at Higher Divertor Density W

102#22080 RONO14 S=1.14m
‘ r

divertor temperature E‘H oy M “ wm MW\ h ww W i

- P 10 Y& ( Ww il . rﬁ[ f NW

is low after the ELM gt I | i

FW S/}XB— 20. f ELM 61.6%)

q | ‘
o M\ \ JL 1“‘ h’k ) {"‘- J \

rN (S/xB= 6)
M‘ r\/w.w Ay J«\, \Jﬂ\wﬂﬂﬁ "N'*va fv\\.

=> erosion yield is lower
inbetween ELMs

0 ’* '
M"”’”"'“ U#""Mﬂt‘ LJVM W/W’” Mo

20 -2 _-
o20m—28-‘l 10"m “s
o)

= ELMs contribute 5 Ral w 8
> 50% to W-influx = | &l}H i f '
S K N \r RKAJ‘ M
= 58 \Wm \ M Meemarend
> a5l e div, | \
) w«J\M‘ 1\)“JM -‘.Wm }\Vﬂ MMH\/\/V ‘x.‘ W’U’““ | M/w N ,\v ,,»WLALJ\W\;J ’I"'t \M/V[/\ku&.j WM/JM /kawu
1.88 1.90 1.92 1.94 1.96 1.98

t(s)

R. Dux, JNM 390-391 (2009) 858
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ELM resolved W erosion in the outer divertor of AUG W

ELM: edge localized modes , , 2.5 #22920 t=4.2-5s
— periodic release of energy hot 50
and particles at the edge

T _ T 17

Ng y=8.5x10 17
e =50% A
»=1.7x1020s"1

e 15¢ |
‘hot' divertor: T, ~ 20 eV < || \average
- similar erosion profiles during f; o1 between ELMs ]
ELMs and between ELMs 0.5 -
- ELM contribution ~ 50% 9‘8_ | 5 =
‘cold’ divertor: T, ~ 6 eV cold? [T NgLw=84x10""
- between ELMs erosion much smaller, ] ceLm=80% 7

0=6.4x1019"1 |

highest erosion far in the scrape of e average
layer — ‘semi’-detached S

=

—

- ELM contribution > 80% between ELMs

0.2 s
erosion mainly by intrinsic low-Z - |
. o, 0.0 . — —H
impurities 0.0 0.1 0.2 0.3

R. Dux, JNM 390-391 (2009) 858 S-Sgep (M)
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Benefits and Challenges of High-Z PFMs W

 Why do we need a substitute for C based materials

» EXxperiences in present day machines
— ,High'’-Z devices
— diagnostic for W
— hydrogen retention
— W erosion
— W concentrations and transport
— behaviour under powerload
— effect of n-irradiation

« Extrapolation to ITER
e Summary / remaining issues
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Control of high-Z transport W

Prevent too high W-concentration (C,,<5-10-°) and W-accumulation

Very centre of plasma
\ Suppression of neo-classical

> accumulation _
- — -~
(7] _ -
o - P
© - -
c P -
3 - -
W ~ - //
m ~ ~ //
5 r
= Confinement region
b g H-mode
- Turbulent transport Edge Transport Barrier

I

I

I _ ' . .

| Weak impurity gradients Control W-influx
I

—_—
.~.~
1]

i im = - h . Control of ELM frequency
I.' K_ . (reduce inward transport of W)
_‘ \@ - Gas puffing
: — - Input power
Central power Plasmaradius ~ . - other methods

NBI, ECRH, ICRH
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Impurity behaviour

Alcator C-Mod / FTU W

Cwmo 1N C-N!()d ]imiteroberation?

— 10 ‘ unboronized (Ohmlc)g

General behaviour (c,,)

* (very) high during low density limiter 104 ga boronized
phase i '

. . . divertor operation

« strongly decreasing with density Wi ohmio)

» at high density 2-3 lower in divertor
phase

®0
P > *
W B
5 TYY R
(@g‘wo .
a §8§8%o 3
WROOOO O
0009

Mo concentration
S
[$3]

* (also from comparison with FTU)

z divertor oberatlon
. : . 31 <y« (H-Mod
. 2-5 times higher in H-Mode compared to | . 7. (T Mode)

: o% i T
L-Mode ;.‘s;gg! I
1075 o\ _
* reduction by 2-10 through boronisation ? LM ffeele"h Do
0 1 2 3

line integr. density (1020/m2)
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Impurity Behaviour
TEXTOR (FZ Julich)

usually no high-Z accumulation, but
only small fraction (< 10%) of PWI
(particle/ power flux) on high-Z

components 3 Ho
W accumulation for o 1 2 3 N4 5
- ohmic discharges above critical e (S)\
plasma density £ 10 R
- high level of (edge) radiation 2 08 “ﬂmwm 1
S 06 . 6 S
central high-Z contamination depends j 04} 43
strongly on transport (RF heating 2 02 ) ©
beneficial) 2 ol T
V. Philipps et al., EPS 1995, p.321 time (s)
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W behaviour in AUG
Reduction of W content by increasing ELM frequency

: : : T main chamber radiation
1 O- > ® 11’8¢1 ] T T T T T T T T T T T T T T T

] : <«— P NBI set
_— Hine 20
old boronization 5| —
FE
y =,
L OO_ . ] é.’*. . s . 1"_.— " .""‘I‘M"; Q. 10-
] ————— i S A
S, 40 . # 17877 =TI
~t pellet ELM pacemaking >‘ oot~ ...
5 - n
9 ] 4 tungsten @ 1keV
o ‘||| —7r1r r . . 1 r r T 1 T r T T 7
2 { HH;.H (Rt 10
G | HE
T 0.0t srumetdti it - :
' o ' | #17883 o 10~}
1.0F fresh boronization =
(&
=
0.0 %““‘“"‘“"“‘"‘“‘f““’“““‘f‘“‘“‘é 1.8 2.0 2.2 2.4
1.8 2.0 2.2 2.4 time [s]

time [s]
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W behaviour in AUG W
Suppression of central impurity peaking

Central wave heating strongly suppresses impurity peaking

.

— —. 8l Ti, center
« ECRH msgre @1f|C|$nt than T
ICRH (e=heglifg vs: s 2 6
powe rﬂum_) H98(yth2) _ - 4 -W"‘”"vm,vf.:ww\f’/ﬁw -y e NN
1 n o Te, center
. ol I
- Reduction of peaking by | ol
increased gnpémalous. g [
transport 5 oo |l po= o= 9 1
| ¢,y center (3 keV) (DE 61 ,, Py w‘.\ﬁ,‘ / J Y
. Moderatg el ction of total o 4 W o 4/
confinement | \ = Pp= "
R v\ U c 2 i
i Cyy edge (1 keV)
106.?)....... T o] U T
20 30 40 50 20 30 40 50
time [s] time [s]
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Suppression of W accumulation in AUG

00 02 04 06 08 1.0
ppoI
A. Kallenbach et al., NF 49 (2009) 045007

2 O R AR ] o 20
= o
21.5 D5 15.1020 ——— T T T
\ e || .- | 22276 t=2.5-2.55s |
i — =25-255s ]
i a0 00074
n!o0s ( T.05 ; 1.0+10 S
22276 &
0__8 L 1 L L 0,0 L L 1 1 L \
% 10 T T T T T - 20 T T T T T y 1 CQ) 5
e 5.0¢10 -
10"
®
1)
P
8 A A O g
=

10'6 1 1 1
20 22 24
time /s

central W accumulation connected to electron density peaking
can be controlled by central heating and/or gas puff

neoclassical transport decreases with Z small increase of anomalous transport sufficient
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Suppression of W accumulation in JT-60U W

-
o E
VPS coating (50 [Jm) on CFC %; @
12 tiles cover .- gz ° o
1/21 toroidal ¢ 25
length A g2 15 '
0C © '(b)Q.‘
Dome 2 0%
s [
Inner S 10%¢
Div. ER A ~
Z ONNBEC EC ™,
g 10 RN 0 fmon ™ o
S EC(p=01) | | L S
200 -150 -100 -50 O 50 100

Toroidal rotation velocity at p=0.05 (km/s)

« W accumulation provoked by counter NBI JT-60U >
« Strong suppression of W accumulation by central heating

(increase of turbulent transport / destabilization of sawteeth)
» AUG results confirmed

T. Nakano et al., 22nd IAEA FEC 2008, EX/P4-25
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Benefits and Challenges of High-Z PFMs W

 Why do we need a substitute for C based materials

» EXxperiences in present day machines
— ,High'-Z devices
— diagnostic for W
— hydrogen retention
— W erosion
— W concentrations and transport
— behaviour under powerload
— effect of n-irradiation

« Extrapolation to ITER
e Summary / remaining issues
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Tungsten melt layer behaviour G. Sergienko et al.,

JNM 390-391 (2009) 858 W

| roof graphite limiter

droplets

- . depth/ mm

20 Melt erosion profile pt 0.8000
15
10

ok

tungsten plate
J

o

10 20 30 40 50 60 70

toroidal direction/ mm

poloidal direction/ mm

tail of liquid tungsten jet

channel

« Liquid W jet moves up with velocity of about 1.5 m/s
« Material loss: 2.85 g of W removed from the ero. channel in 1s

* Motion of molten W and outward propagation of the jet are due to the
thermo-emission current

» Variation of the depth of the erosion channel in pol. direction probably due
to additonal heat transfer by liquid metal flow
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W behaviour under high heat loads W

- recrystallisation starts above ~1200° C TEXTOR test limiter experiments with
(lower fracture toughness) | W-macrobrush structures
- no enhanced erosion found close S rpo'ida'
to melting X
- re-solidified surfaces are prone to
increased power loads

o measurement
—fit (WI) = 4
1] =k, I(Cll) +k, exp(-8.66 eV/KT)T™ | # -

(&)}
I

N

w
1

Under transient heat loads

- development of cracks

(fatigue, below melt-temperature)

- melt layer movement and losses due to

N
1

—_
1

WI(284.8nm) intensity [a.u.]

o

jxB force, plasma pressure, ... 2500 im 3500
(e-beam, plasma gun, QSPA experiments: _
very difficult to adjust to ITER parameters) G. Sergienko et al.,

JNM 390-391 (2009) 858
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Damage thresholds for CFC and W under ELM-loads W

cracking of pitch fibres

O

0 negligible 2| PAN eros. | PAN erosion PAN erosion
erosion % >100 shots| > 50 shots > 10 shots

0 0.5 1.0 1.5
1 1 1 1 1 1 1 |

energy density* E / MJm-2

heat flux factor P -VAt / MWm-2s1/2
| | |

|
0 20\ 40 60

G

negligible | melting of
damage _ tile edges
crack formation
mitigated * At =500 us
ELMs in ITER J. Linke
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Droplet ejection @ E = 1.6 MJ/m?

» During the first shot droplets ejected mainly from the edges of the tiles.
» As a result of edge smoothing and bridging of gaps the droplet ejection

was reduced and mass losses were decreased. .
A. Zhitlukhin et al., SRC RF TRINITI, Troitsk
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: : 2 B. Bazylev et al.,
Bridge formation @ E = 1 MJ/m JNM 390391 (2009) 81

W3,R3, 20 exposures W3,R3, 50 exposures W3,R3, 100 exposures

1.0 MJ/m?

W

1.6 MJ/m?

w
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JUDITH electron beam experiment (At = 5 ms);
major cracks, microcracks and surface modification

0.90

- ; NG [ [ ]

0.80

0.70 +—

060 [

0.50 -

200 um

AT=1697°C

B R
040
- S .
Ay

030 |} AT=1131°C

0.20 -
AT=606°C

200 pm

ATAbsorbed power density (GW.m?)

PO e ~— brittle
0.00 +— ‘ | | |

‘ 0 200 400 600 800 1000
TO

Bulk temperature (oC)

® Randoni"microcrack >High de ~ "_UW N & No mi¢cr = == |
¢ Low deridity s Grain P “High ¢ @ Not analysed J. Llr_\.k_e,
< High demsity -~ FZ Julich
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Benefits and Challenges of High-Z PFMs W

 Why do we need a substitute for C based materials

» EXxperiences in present day machines
— ,High'-Z devices
— diagnostic for W
— hydrogen retention
— W erosion
— W concentrations and transport
— behaviour under powerload
— effect of n-irradiation

« Extrapolation to ITER
e Summary / remaining issues
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Neutron irradiation effect on thermal conductivity

NB31 (3D-CFC) tungsten

350 N 350
:g 300 X ¢ un-irradiated | o 300 —&— un-irradiated |-
S ~A- 0.2 dpa £ A
E 250 | S 550 0.1 dpa |
2 -@— 1dpa E, -@— 0.6 dpa
2 200 2 200

()
=] =
£ 150 2 150 —_
o (S]
E s : %ﬁ—-.—.
g 100 £ 100
w 0
€ 50 —W € 50
0 T T T T T 0 T T T T T

0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500

temperature /°C temperature / °C

J. Linke,
Phys. Scr. T123 (2006) 45-53
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Thermal fatigue testing of a W macrobrush module
irradiated in the HFR-Petten

- . 1 /.5..
. r '\/

" WLa,0;
'CTE =.510°K"§

-
i

? 4

CTE = 1710%K"

f
il .
A ]
i

200 um
irradiation condition:
200°C — 0.1 dpa (in W)

loading condition:
1000 cycles at 10 MW/m?

J. Linke,
Phys. Scr. T123 (2006) 45-53
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Thermal fatigue testing of W monoblock mock-ups

W-monoblock

ENEA

W-monoblock

W-lamellae design

Plansee AG

unirradiated

1000 x 14.5 MW/m?

1000 x 9.6 MW/m?
1000 x 18.0 MW/m?

1000 x 7.5 MW/m?
1000 x 14.4 MW/m?

0.1 dpa
T, = 200°C

1000 x 10.0 MW/m?
100 x 13.7 MW/m?
1000 x 17.9 MW/m?

1000 x 10.0 MW/m?
1000 x 13.7 MW/m?
1000 x 18.1 MW/m?

0.6 dpa
T, = 200°C

1000 x 10.0 MW/m?2
1000 x 13.7 MW/m?2
1000 x 18.0 MW/m?2

1000 x 14.0 MW/m?
1000 x 17.1 MW/m?

J. Linke,

Phys. Scr. T123 (2006) 45-53

S—

—

~—

no failure observed !
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T retention in (neutron) induced traps

» traps produced during ITER lifetime

neutron fluence: ~0.005/W @ 200°C, & rameesooc
~0.0001/W @ 500°C. 107} ; VP8 226°G S -I- _
» 200°C: trapped D is limited by slow |+ Fukumoto 200°C ‘ ]
Kinetics, i.e. permeation. = 10-3;. :’
(uptake rate and D concentrationin 2 [ 2 v
solution, is three orders of magnitude = 104;_ Aim
smaller than predicted by model - v B
based on diffusion and surface 10°L é ]
recombination!) I A 15
» 40°C: smaller trapping due to slower 10.6' o 5
kinetics 0.01 DPA0.1 1
» 500°C: smaller trapping due to results deduced from Si irradition
annealing of damage. B. Wampler et al. PFMC Jilich 2009

=> low T inventory in W from trapping due to neutron damage in ITER.
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Benefits and Challenges of High-Z PFMs W

 Why do we need a substitute for C based materials

» EXxperiences in present day machines
— ,High'’-Z devices
— diagnostic for W
— hydrogen retention
— W erosion
— W concentrations and transport
— behaviour under powerload
— effect of n-irradiation

« Extrapolation to ITER
e Summary / remaining issues
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Wall loads in future confinement experiments

W7-X
heat flux FW / MWm-2 — _ 1 1 <1
heat flux divertor / MWm'J"—I therrpal fatlgu?J 20 ~9-20
VDEs / MJm-2 ? 60 -

disruptions / MJm-2 thermal shock -
ELMs / MJm™2 2 <1 2

neutron fluence / dpa —-"degradation,embrittlement E I
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Extrapolation to ITER: Safety Limits W

number of 400s ITER discharges 250 2500 25000

1028
Number of discharges to reach

g1 ITER safety limits:
©
Eoagel g
I= 1 W/Be [ InBe
o
‘E 10%° Erosion
o Tritium
3
o

Dust

1023 T
102 103 10% 10° 10% 107 all-w all-C
Time (s)
hot dust T, hot dust
230 kg limit
100‘00
all metal / W solution would be best 100000
in respect of safety limits 500000 hot dust,

CFC/W/Be imi
J. Roth et al., JNM 390-391 (2009) 1 6kg limit
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Extrapolation to ITER: Edge W concentrations

W erosion and edge plasma contamination in ITER
from DIVIMP calculations for several B2-E backgrounds

(edge transport not fully understood!)

W conc. remain under 2:10-° for any coverage level
by W PFCs in ITER and high density operation
(weakly influenced by seeding, D_, & parallel flows)

27— 1.000E12
1.000E14 W density [m3]
‘ . 2.8E+16
N |5 1.000E 16 = 2.85416
1.4E+14
1.000E18 2.6E+13
z / M 1 000E19 1.4F413
£ 5 i 2.8E+12
P o . : 1.4E4+12
4] - ] 2.BE+11
1.4E+11
*I I 2.05110
W erosion flux[m 2 s-1]
-53_5 ' 4‘_0 ' 4'_5 ' 510 ' 515 ' 610 ' 6.5 K. SChmldt, JNM 363-365 (2007) 674
X[m]
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Extrapolation to ITER: Central impurity transport

No W accumulation
expected in ITER if
Dan = Dneo’ (V/D)an hot
increasing with Z

(as predicted, see
C. Angioni et al.,
PPCF 49 (2007) 2027)

calculations using

Q=10, Py =40 MW,

Ujoop=75 mV

Dneo’ Vneo frorT] NEOART 0.0 0.5 1.10 1.15 2.0 O'%.O O.l 1.10 1.15 2.0
(v/D),, from fit to GLF23 r (m) r (m)

D,, varied R. Dux et al., 20th IAEA FEC 2004, EX/P6-14
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Summary W

 D-retention in metals low (lab. exp., AUG), but high retention in C-Mod not
yet resolved

« ‘destructive’ transients (large ELMs, disruptions) not accessible in present
day machines (except large ELMs in JET, disruptions in C-Mod)

* erosion of high-Z materials mainly by low-Z impurities — transients and
accelerated particles (ICRF) play significant role

* main chamber sources dominate plasma impurity density although much
lower than divertor source

« AUG achieves similar performance as in boronized C device, using

— sufficiently high particle transport in the plasma centre by central
heating

— flushing of pedestal by sufficiently high ELM frequency
« safety limits (T retention / Dust / Erosion) best for full metal / full W ITER
 extrapolation of edge/central transport seems favourable for ITER
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Remaining Issues and Extrapolation to ITER and DEMO W

« mixed materials effect (He, low-Z) on surface morphology / D retention

» effect of divertor damage / behaviour of melt layers under tokamak
conditions

- optimization of plasma edge / antenna design (reduction of parasitic
electrical fields) for reduction of W source during ICRF

» effect of pellet ELM pacemaking and RMP ELM suppression:
— evolution of edge plasma parameters / W source
— penetration into confined plasma / flushing
= JET ILW and lab experiments combined with modelling may close some of
the gaps to ITER in the near future

DEMO: step in plasma physics much smaller compared to step in PWI!
 PFC: full W (or and W and steel)

* high PFC temperature necessary: good for annealing of defects and T-
retention but low margin for transients, large T diffusion

* high n-fluence: dpa ~100 times larger as in ITER
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Properties of candidates as PFM W

Be CFC W

atomic number Z 4 6 74
max. allowable concentration ~3 % ~2 % ~20 ppm
in the plasma
thermal conductivity A [W/ 190 200 ... 500 140
mKi]
melting point [°C] 1285 >2200 3410
(subl.thr.)
coefficient of thermal 11.5 ~0** 4.5
expansion [10¢ K-1]*
n-irradiation behaviour swelling decrease activa-
in A tion
* CTE copper = 16:10-6 K- ** NB31 in pitch fiber direction
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Thermal conductivity of different
plasma facing materials

500

> 450 —m— Dunlop Concept 1 (par.)
E 400 + —o—Dunlop Concept 1 (perp.)
‘6 350 + —>&=—pure tungsten
3 300 4+ —a— berylium S658
o £
S £ 250 ¢
— = 200
€ 150 1 y
2 100 _M_ x
= 50 4 .

0 f f f

0 500 1000 1500

temperature [°C]
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Optimization of ICRH in AUG W

ITER: substantial amount if ICRH, high power densities at antenna:
=> erosion of Be first wall / limiters and W baffles must be kept low

x Impossible d'affic j““l““}jm',j N ‘} S g et e e memonre pour ouvririmage ou fimeage st endommagee. Redemare ) oo ‘ R
present AUG proposed
design ICRH design
antenna
calculated strong reduction
local electrical foreseen, using
field * 4 straps (shaping)
(1 MW power) * increased width

« further investigations on acceleration mechanism (near field/far field)
 optimization of operational conditions (density, phase, ...)
* reduction of box currents / electrical fields by improved antenna design
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