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Rationales for W as plasma facing material W

Low erosion rates:
— low power loss by dilution /

radiation originating from y Sputtering Yields for D*
— long lifetime of PFCs : ChemT
— low dust production Ll C
— low T co-deposition 5§ 10°¢
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Rationales for W as plasma facing material W

Low erosion rates:

— low power loss by dilution /
radiation originating from
impurities

— long lifetime of PFCs

— |ow dust production

— |low T co-deposition

Low atomic nhumber

— |ow radiation loss parameter
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Losses through

dilution (low-Z) :npr=n (1 -2n,)
radiation (high-Z) : P,/ V =L, n, n,
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Rationales for W as plasma facing material

Low erosion rates:

— low power loss by dilution / 1077
radiation originating from :
impurities

— long lifetime of PFCs

— |ow dust production

— |low T co-deposition

Low atomic nhumber

— |ow radiation loss parameter

Losses through 02| |
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W in ITER and other devices W

Early devices

Most of the fusion devices in the temperature profile in PLT
/Q'ties started with high-Z PFCs during W accumulation
(|ImlteI’S) 1keVI[ T TTT T T T TTT 7T T 11T
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high-Z contamination / accumulations

strongly deteriorated performance
=> all devices with moderate current densities use low-Z PFCs
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W in ITER and other devices W

ITER Design Parameters

AR

« dimensions: R=6.2 m, a=2 m

2 x JET, 4 x AUG (linear)
{1 » plasma heating 150 MW
2= S5xJET, AUG

~— |« discharge duration: 400s

| 10 x JET, 40 x AUG
* energy content: 350 MJ

50 x JET, 300 x AUG
| + fluency / discharge: 4e26/m?
100 x JET, 200 x AUG
| = plasma surface interaction /
plasma facing materials
are central issues

0000,
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W in ITER and other devices

Plasma facing materials in ITER

’
7/
/7

Be: main chamber, -~
port-limiter, =
baffles
(~700m?2)

W: upper part — |

target, dome
(~100m?2)

CFC: lower part
target
(~50m?)

—
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W in ITER and other devices

Steps in ASDEX Upgrade towards a full W device

Steady increase of area
of main chamber W PFCs
since 1999

Rationales:

risk minimisation

physics investigations
partitioning of installation
time

production capacity

W-coating starting
with campaign

aux.
Iimiter\

B 2003/2004
guard/

| ICRH
[ limiter

i 170 1 2005/2006

\ /

] 2004/2005

I 2006/2007
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W in ITER and other devices

Steps in ASDEX Upgrade towards a full W device
0 S )

Steady increase of area
of main chamber W PFCs
since 1999

Ly /Y
e s
/////////

/
./ /

‘05/'06 campaign:

= 36 m? (85% of PFCs) e

‘07 campaign A A \ a1
W divertor NP o

= full W device
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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
e-depositiona =
-% ];+1: j,nenzde
- c§ los
emission
L - photon flux
oLa @ 5 P j
pho- = I =) NaN, AB X
ton |XB [X & | *Mas = %
@)
@)
(We)e(wr) — 2 D /T, = SIXB) (xo)
S’ S O
sput- 3
tering =

S: ionisation, X: excitation

line of sight > B: branching ratio
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Spectroscopic diagnostic of fusion plasmas
lonisation shells in the central plasma

ionisation equilibrium typical radial plasma profiles

governed by
Coronal approximation

d o
8—th-I-VF =

w
T

—_o = N
T 117 T T

Ne(Ny_Sz_+ny, 05,

—nz8, —n;0)

0.1 ‘ -

fractional abundance

: W W2
weak influence of e \
plasma transport on X
shell structure — W
00175 02 0.4 06 08 10
T N . N pp0| .
I'y=D,Vny+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.=— | hingn.{ocv.)dl
o= ), {ove)
n, density of impurity in ionisation state x
n,  electron density

spectro-

<ov> excitation rate coefficient

Ny = C'i-m.g"ﬁ . f x " Ne

f

X

fractional abundance of the impurity
lonisation state x
Cimp IMpurity concentration

, 4« 1,,
Cimp Only valid within the emission shell! [ T hw fyn2{ove)dl ]
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W-spectroscopy in the visible and UV | W
Y

Set-up for spectroscopy on a TEXTOR limiter loc

2D -+ radiallyresolved

Thermography CCD-caDI;le{a spectroerﬁ‘e:cer

i ( D 2!; nt)\ \\‘\1

’ high resulutioﬁl

spectrometer (D
Soct ALT graphite ds | : (di)
ectroscopy imiter LRGP ™ o
+BCD caméia~zal (A= 310%m?) s f“
% r= 46 cm LCFS, /

N [Ljraphite /

_,/ 0.08m .
Test limiter boron "
(A = 80 em?2) nitride 0.12m .

r= 49-43 cm external electrical heating

Spectrometers: overview 200-464 nm R : 1500
Spatially resolving medium 200-750 nm R : 5500

Broad band  Echelle (220) 375 -750 nm R :20000
observation of several distant \W-lines necessary
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Search for suitable W lines

W-spectroscopy in the visible and UV @ W

400.9 nm ’S —
limiter - well separated, very
intense line
« S/XB is known
plasma 7 cm
centre » but: far blue
= fiber transmission low
search for other W-lines with

* longer wavelengths:

25000

20000 | § N Ef.% ¥ = may be affected during
~ = 55 = extrgme heating
8% * UVlines
| J | = direct LOS necessary
5000 - \ ‘\ [ | ‘ ]
mdwju“ | ﬂu” LU Ll L) | &ﬂ = bot: (Txtensmns are
° usefu

3800 3850 3900 3950 4000 4050 4100 4150
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W-spectroscopy in the visible and UV O@ W

Useful wavelength ranges

From new NIST tables (version 3.0)

Yu. Ralchenko et al. "New Generation of the NIST Atomic Spectroscopic
Databases," in Afomic and Molecular Data and Their Applications, AlP
Conference Proc., Vol. 771 Ed. by E.T. Kato et al. (AIP Press, Melville,
NY,2005), p. 276-285.

A.E.Kramida, T.Shirai, J.Chem.Phys. (in press):
W I: 7049 lines, W II: 2838 linesterm designations not complete

wavelengths ranges for intense W-lines:
W1 (8eV) UV- visible: up to 5600 A W I and W Il lines often
W Il (15eV) UV - visible: up to 4200 A very close to each other

W Il (25 eV) UV:upto 2700 A = spectrometers with good
W IV (39 eV) UV: up to 2700 A resolutions are needed or
WV (53 eV) UV:upto 2300 A = regions with sufficient

W VI VUV: up to 1500 A separation
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W-spectroscopy in the visible and UV
In-situ determination of S/XB (400.9nm)

38.

Influx measurements using photon efficiency:

L= S/XB T,

Determination of S/XB (W)
- PSI (IPP-Berlin, Steinbrink EPS97)
- 'insitu’ by injection of W(CO)g in the divertor
of ASDEX Upgrade (Geier, PPCF 2002):
simultaneous observation of
WI and Oll plumes

W(CO)g -probe for ASDEX Upgrade Div I

9 cm 100
- ' heat shield - o
CFC tile eat shield — <
o
£ 10f
[&]
s |
. N\ O W(CO),
A +Psi1
exhaust  valve coil heating : ; _ . (IPP-Berlin)
temperature sensor o 10 20 30
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W-spectroscopy in the visible and UV 'J w
Calculation of S/XB (400. 9nm) @

1007 _
: Measurements PSI 1 AUGD f e jonisation rate
. ' ATOM code calculations
S 1o (lowest configurations)
i e excitation rate:
® from W(CO), probe j
—|— laboratory exeriment. (J. Steinbrink, PSI, Berlin) i _ Seml_emplrlcal V Regemorter
P P formula (complicated coupling

scheme + configuration mixing)

100 -

] - corona approximation: only
j // ;wgfsvv excitation from ‘ground’ state
10 el for Ty = 0.2 eV

S/XB

—¥— Tw=0.5eV
—e— Tw=1.0eV

CR Model o Twe20ev * reasonable agreement with
|.Beigman, L.Vainshtein; experiment

Lebedev Moskow
| | | « small T, dependence

1 ,
5 10 15 20 25
T, (eV)
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W-spectroscopy in the visible and UV

Alternative WI lines

“¢
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wavelength / nm

Measurement of W spectra in
TEXTOR (240 — 780nm)

UV: low background from thermal
radiation

suitable WI lines for influx
measurements:
255.135nm, 268.142nm,

498.259nm ,505.328nm
400.8753nm (probably blended
by WII (400.8751nm))

A. Pospieszczyk, G. Sergienko et al.
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W Spectroscopy in the VUV and SXR

Investigated transitions

Accessible ionisations states in ASDEX Upgrade

* An=0 transition observable
iIn the VUV

* An=1 transition observable
in the SXR

e quasi continuum emission
from states around W30+

 strong single line transitions
observed for ionisation
states around Ni-like W
(W46+ 3d10)

number of bound electrong

1234581234567 8910
4p 4d

emission of

W quasi-continuum 40+

~

L w

—
1234567 8% 1w0mz21341 3
4f 4155

sub-shells in W- ons E—

charge state of W-ionsg
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W Spectroscopy in the VUV and SXR
Detailed investigations in the VUV

e Around 5nm: Features emitted at 7, ~ 0.8—1.5keV and at 1.8 —4.5keV
e Detailed EBIT measurements (Berlin, LLNL) available
e Disagreement in many details

e Rough structure of predictions is found in the spectrum
Th. Piitterich (PhD thesis)

#191152-6s  Measurement

«— BV 1s-2p (4.859nm) 7

#18037 @3.33s | Measurerﬁent

/

—

-

= — i —
H sI=E
& i~ ® i
= n c
D . o
T T T - - M T T T
S Modelled Spectrum v St Modelled Spectrum - ]
=l ~ © W gy o
= s oy 27 -\ a2 W =
é Qac {'sz _ W35+-) 'E é QC (\,A/ZY - \.!‘\,/35 ) W W33+ W39' :
%) ' 8 %)

W gy

'/

Wi 40+_E
\J // —;

5 wavelength [nm] 6

5 wavelength [nm] 6

/
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W Spectroscopy in the VUV and SXR

Reduction of ambient ionisation states by accumulation

W can accumulate in plasma centre due to ,neoclassical’ transport
« central concentration can be increased by up 50 times
» radiation originates from very

small volume / radial range
= dominated by very few 1.0p
ionisation states '
0.
25 T T T E
. @6.53s |
- | o /
olometer LOS
\j.i -0.5+
=T ™\ origi D |
gin of ]
i measured R -1.0f 1 > electron temperature
emissions ' nearby center
[ e S EUN N S AN RN N S S
0.0 S 10 15 20 2562 66 7000
00 p,, (norm. Plasmaradius) 1.0 R [m] Time [s]
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W Spectroscopy in the VUV and SXR W

Disentangling W quasi-continuum

1 1 i E keVl]= 0.73+ )
Comparison with — Beam [KeV] LTy
. . - r RSTGRYY
EBIT investigations n /»\K o
i ) | . :W28+
: NI T 715,y 20+
central accumulation facilitates -~ '\ = .37y 32+
resolving spectral features ol LN 1361 33+
LL] JlN ,J\N - 1.46;W34+
' - i 1.521
— |locally higher W-density JUling I 161:W35+
—> . . DN _,/}‘\_.,_,_ . w7
emission mostly from a few _ 775 s
AN A AN W +

lonisation states AT 200y

= situation resemblingto EBIT ¥y A N 214 yaes
= similar single line spectra iins 7.00s,Te =12keV

O

< W
Th. Piitterich et al., J. Phys. B 38 (2005) 3071 50 A[nm] 60
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W Spectroscopy in the VUV and SXR

Line intensities dominated by abundance of ionisation state

Temperature dependence of fractional
abundance much stronger than of PECs
(especially for An=0 VUV transitions)

=> intensity variations can be used for

radiance [a.U.]

fGé’higg Se-like

deduction ionisation equilibrium L G/nslike

0
5 O3 oI S =3
= ;,,——: 12.72 nm i %
g i 6.23 nm AE=0.1TkeV I L 2
S AE=02kev VUV
= 01F | = =
% : fractional S,
§ 0.57 nm abundance @
£ [|Cu-like s
g tungsten
0.01 e —— s
0.1 1 T [keV] 10 0
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W Spectroscopy in the VUV and SXR

Revision of ionization equilibrium

In-like W # Ga-like W **
Q#1970 5.095 - 5.455 ! 13.287nm I —CADW+I408 0*1970|2: 281s-3.368 ! 12 639nm ! —CADW~I408
LA#19702 6.935-7.29s 6.093nm ---—CADW+ADPAK | I A#19702: 508 -5.47s 1282%40m - ---CADW + ADPAK
[O#18938: 2.03s - 2.66s ——— 408 + 408 O#19702: 6.93s -7.34s 5.063nm ——-408+408
—- ADPAK + ADPAK X#18038: 2005 - 2725 3 -— ADPAK + ADPAK ° Benchmark f()r atom IC
1.00F 1.00f data
2 Y o Baseline ADAS
= (408+408) not good
b enough
=
= | o Good agreement for
jon states  Se-like
1op 10 WA+ to Ni-like W46+
|
I
’
]
.’ !
A .’
.' .'
[ | {
0.01IIII|IIIII"II |II:IlII’IIIlIIIIIIlIIIIIII 0.01IIII|IIII|'I b
1000 2000 3000 4000 1000 2000 3000 4000
Te [eV] Te [eV] Th. Piitterich (PhD thesis)
29
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W Spectroscopy

Revision of ionizatio

in the VUV and SXR

n equilibrium

1'02 - 28+ 37+ '46+;>'5gg+6+451':§
o 35; B s 32+ 63+ 1 standard
g 01: ] ADPAK'
g 'W%‘:&\\‘&”"&%’“”’”&’.‘%s ionisation/
= 0'01_‘5__ ’Q s“‘“&”&"’“ﬁ%‘.‘”&“ recombination
%0 0013(a) AR “"’“ h‘ / rates
105+ e +: . +E
® % — 35+38+i43{1+6 : 56+i5gj+ E CADW
& - S o | y .
€ 01k ":'/z‘}‘\'\,(" "7% é\?}}f\\ o ionisation rates
g 0.01 %@%W&%W@\\ ﬁa?:ﬁribination
£ F ' I \\\\"\'[I 'l"’/l/?\\\ : rates
@/ )/ mestescsonass {1 ) (adjusted to
.01 1000 'Te [kev]' | 10000  experiment)
ICAMDATA, Paris/Meudon 19/10/06 R.Neu 30



W Spectroscopy in the VUV and SXR

Detailed investigations in SXR region

HULLAC ]
modelled spectrum ]
W38__’ W49- ]

- #16778 v
15F  Toenr= 3.9 keV - - measurement E
n An=1 —
FZ T A2 } — \x‘ :
o Spectral lines of Kr-like W to = & | ‘l M l“ "W | E
about Mn-like W4+ R: . Wiy . .
- , " . e ADAS 1
o Ni-like W+ exhibits most intense ;,5; modelled spectrum ]
spectral lines S f W38 W49 :
o At ASDEX Upgrade the electric &
quadrupole line at 0.793nm is c% 3 E
monitored = Ol b b WL

LN
(@]
TT T[T 7T

Th. Putterich (PhD thesis)
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W Spectroscopy in the VUV and SXR W
Investigation of Iso-electronic sequences (SXR)

Investigation of Hf, Ta, Re, Au, Pb, Bi emission and SXR
* spectra show similar

features as W #lror "2Hf - LBO measurement ¥
— O._Tejcr,t,.— 3.5 keV Ni-like {(+44) Hf calculation| 1

 ADAS calculations [

reproduce overall sob ’] .

features, but strongly € gl buthhole b |t

underestimate E2 o, pHIrass "3Ta - LBO measurement

transitions in Ni-like 0.6 Teon= 4keV Ni-lke (+45)Ta calculation -

ions g 1

(strong M3 contribution! <

Ralshenko et al.)

* HULLAC calculations
just started
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W Spectroscopy in the VUV and SXR

Investigation of Iso-electronic sequences (VUV)

Investigation of

Hf, Ta, Re, Au, Pb, Bi

emission in VUV and SXR

* spectra show similar
features as W

 ADAS calculations
reproduce overall features,
but width of quasicontinua is
always too small
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Conclusions and outlook
Spectroscopic measurements as standard diagnostic tool

8; ‘ ‘
z P (MW)

NBI
Time dependent measurement of ORI |
. . .‘ G ‘ L e
W erosion and W concentration g ﬁ’g:RF <MW> o
n, (10
4Wu_) Winng (100
o R
210 Raus‘ (m) | | | | | |
2.14
2.13 ‘ : ‘ ‘ ‘ ‘ |
MMWMWWWWWWM%WWMNMWWWMWWWWWWWMM
W influx / sputtering >
W concentration >
edge

15 2.0 2.5 3.0 3.5 4.0 4.c
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Conclusions and outlook
Spectroscopic measurements as standard diagnostic tool

spectroscopy: effective W-sputtering yield in the

- sputtering yields much larger than ASDEX Upgrade W divertor
expected from pure H/D sputtering

- no difference visible for H,D

- light impurities dominate yield

- C-deposition and re-erosion
(Schmid PSI 2002) have to be taken
into account

lllllllllllllllllllllllllllllllllllllllllllll

1073 1% c*s w

1% C* Wincl. D
C-deposition

L]
\\D—> W
erosion E

probe

probe erosion:

- net erosion factor 10 lower than
gross erosion

I

W-sputtering yield (at/ion)

= prompt redeposition has to be
taken into account
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Conclusions and outlook
Extrapolation to JET and ITER

1.10™

spectral radiance [10° W mi*sf'nmi' ] (FWHM = 1-10"nm)

modelled emissions for ¢y

—
(@]
TTT

Th. Putterich 0
(PhD thesis)

oD O

]

(=)

—
T

Modelled W emission (ADAS) @ different temperatures

FAUG, ‘Te,centr. = 4keV; ne,centr.I: 6.5-10°m? - |

Ll my

_.—=-_~VV4

FowH

—

——_—

(Ni=>Kr-like) 130.1

FJET, T;a,centr. =BkeV; Negentr :'7-0'1019”]-3

C LTI l\‘ o

A

: \",V:EE.—%\'AIJJ‘_‘— |A[9 CO— [ | |'—<e|_

10.01

5 0.1

JET, Tle,centr. = 10keV ; ne,centr.': 7.0-10°m?

uil

-~ |
LTI Y ' B

EITER Tocentr = 15KEV ;Mo gontr = 1.4-100m50

- ] ‘
C b Al s .

Bl
LINLARIAY V) L )

01

1
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10

10.01
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Conclusions and outlook W

- W is a serious candidate for the plasma facing material in a
fusion reactor

 JET and ITER will use W in the divertor region

« ASDEX Upgrade and TEXTOR have set-up a basis for
spectroscopic W diagnostic in fusion plasma

« EBIT measurements are an excellent tool facilitating the
interpretation of complex W spectra

« Broader dataset for W influx measurements highly desirable
(WI, WII lines, WX-WXX for plasma edge)

* Revision of ionisation/recombination rates necessary
« Extrapolation to higher plasma temperature/ionisation states
» Close collaboration to theoretical data production

ICAMDATA, Paris/Meudon 19/10/06 R.Neu 38



