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@ Why is Tungsten of Interest for Fusion Science?w

ASDEX Upgrade

= First wall erosion needs

to be very small (Reactor o p— Sputtering YieldsforD_
operation 24/7 requires E Cenen|(800K)
high-Z wall) -
T 107
* W can handle high heat £
fluxes (metal with highest = 3|

meltlng pOInt) Cc:hem (R.T)

= Fuel retent_lc_)n In W IS small b v rr— 10000
(Co-deposition is no issue) Energy [eV]

— W is a plasma impurity
— Radiative Cooling due to W demands caution
— Diagnostic of W-density important
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@ Why is tungsten of Interest for Fusion Science? W
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@ Why is tungsten of Interest for Fusion Plasmas?w
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Setup of Spectroscopic Diagnostics
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@ Setup of Spectroscopic Diagnostics
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@ Transport Does not Change Frac. Abundance! W
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For ionisation equilibrium typical 'radlal p-Iasma Proflles |'n AUG

solve:

d o
EI’ZZ—I-VF =

(a)- 6

re and9 .3
nP.MOT‘ m° ]

né’(nZ—lSZ—l L ARLS AR

-0 = N W
T T TrIrr T T T

—n,S, —n,0,)
0.1

fractional abundance

weak influence of
plasma transport on
Frac.abundances

=> |onization
equilibrium is f(T,)

0.01

lonisation shells with (colored) /
without (black) transport
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@ lonization Equilibrium of W is Complicated W
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= Many lons Co-exist
= |onization-Recombination rates of all ions need to be known
= BUT: Very Detailed Information May be Obtained!

= (PUtterich et.al. PPCF 2008)
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@ W Spectroscopy in the VUV and SXR

e W=accumulation is emphasizing Central Plasma Region

W can accumulate in plasma centre due to ,neoclassical‘ transport
e central concentration can be increased by up 100 times
« radiation originates from very

small volume / radial range  [#19436, 7.0s
— dominated by very few 1.0r
lonisation states
0.5¢
25 T T T : E L
@6.53s | = |
— 3 1 0.0
i spec
3| 1 0.5}
=1 > originof | Z |
i measured i '1-0__ | ™ electron temperature
emissions nearby center
P R S B A R AR R A S R I
0.0 A — 10 15 20 2562 66 70 %0
00 pyy (norm. Plasmaradius) 1.0 R [m] Time [s]
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@ lonization Equilibrium is Probed very m
wome  ACCUrately by Spectroscopic Measurement

- SO . . o
....

1.00

L

Q.q =

0.10f

Relative Fractional Abundance

0.01 A
1000 2000 3000 4000 1000

Te [eV]

Putterich et. al., PPCF50, 085016 (2008)

.
\

i CADW + ADPAK

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+
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Which Spectral Regions are Interesting?

modelled spectra for W concentration of 10°

fractional ion abundance vs plasma radius
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spectral radiance [10* W m? s’ nm' ] (FWHM = 410~ nm)
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Which Spectral Regions are Interesting?

modelled spectra for W concentratlon of 105

Te centr. = 4k9V b centr. = 6 5 10 mr

fractional ion abundance vs plasma radius
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Range A: X-ray Core of AUG, Edge of ITER W
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modeled spectrum

W39+ﬂ V\/49+
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155_ R-Matrix ]

~E modeled spectrum ]

- W E

OF o .A , l A | k

0.4 0.5 0.6 0.7 0.8
A [nm]

ASDEX Upgrade
E #16778 #5

15F  Tecnr=3.9 keV ‘ -4,W - measurement ] .
{ = Spectral lines (T,~2.0-6.0keV)
E An=2

= W3O+ \\49

= Advantages of X-ray
spectroscopy

= Accessible with soft X-ray
cameras

= mystery line* at 0.793nm,
with strongest discrepancy
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spectral radiance [10* W m? s’ nm' ] (FWHM = 410~ nm)
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Which Spectral Regions are Interesting?

modelled spectra for W concentratlon of 105

Te centr. = 4k9V b centr. = 6 5 10 mr

fractional ion abundance vs plasma radius
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@ Range B, special plasmas in AUG, core in ITER W

ASDEX Upgrade

= Observation of spectral lines of >W60+ in ASDEX Upgrade
= Special Discharge with T_~18keV

X-ray overview ASDEX Upgrade @Te~18keV
(pulse height analysis)

0.006
E #26977@1.00-1.25 s
5_1 mm Be-filter
S~
£ 0.004F
N -
=
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=k
5 0.002F
=
O 3
Q. 3
0000 . ot o o o o —
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4
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Range B, special plasmas in AUG, core in ITER W
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Electron-Beam lon-Traps
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QC: VUV Edge+Core in AUG, Edge in ITER W

= Spectra
= Spectra
= Covers

#18037 @3.335 Measurement

"Modelled Spectrum

spectral radiance [a.U.]

QC (\ﬂl’ 27+ - \l”“l’ 35* ‘)

/

cold ( < 1.5keV)

) wavelength [nm)] 0

feature (T, ~ 0.8-1.8keV): ,Quasicontinuum’
lines: T,~2.0-4.5keV
onization Stages from ~W=24+-\W4>+

#19115 2-6s

| Measurefnent
«— BV 1s-2p (4.859nm)

spectral radiance [a.u.]

\".’41+ LR
[~ '}
[~ \Ndo+

\f1142+

Modelled Spectrum 4
W4

QC (w2 - w3)

nd1+ ‘ .
1'4 \ / “,11404- :
LA
A -

d wavelength [nm] 6
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@ 5nm: Main Peak is Understood, W
o  What about the Neighboring Peak at 6nm?

E Boqm [KeVI= 0.73] max
IR | u8nwer+ Comparison with
A 1ywese EBIT investigations
: H/\\m 1.95] 29+
T T 1 .31, 304 . .
=1 A}\: - 136:w33  EBIT spectra give nice
[ D0\ S5+ ] e ; i
E AT TSy a4 identification of main peak at
CTIT BREZ I 5nm, consistently with
TN D ety tokamak spectra
:M LN N ww38+
M%Wf‘: « Emissions of Neighboring
; . WA _
#19436 7.00s, Te =1.2keV 6nm-Peak not Clear
O .
<D£ 5535 T. 221 kev e Electron density effect?
EBIT dens. << tokamak dens.

T. Pltterich et al., J. Phys. B 38 (2005) T. Putterich, ICAMDATA-8 2012, NIST, Gaithersburg, MD - 24




@ VUV Spectra of Various High-Z Elements W
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Hf .Z:'7'2 ..................................

 Tecenter = 1.9keV _
Measurement

= “ )

§ Modell/2 -

MA...—_—..“ S S S —r — M/V - V\f\'/\/\_ ql—-——ma_na—Aa-—a

3 4 5 A [nm] 0 14
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@ VUV Spectra of Various High-Z Elements W
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_Te,center = 1.9keV
Measurement

Intensity [a.u.]

Modell/2 B

3 4 5 A[nm] 6 7
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VUV Spectra of Various High-Z Elements W

Intensity [a.u.]

W, Z=74

| Te,center

=1.9keV

Measurement

Modell/2
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@ VUV Spectra of Various High-Z Elements W
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Intensity [a.u.]

P RERaansanaasasaaEaRaSES

u Te,center = 2.1keV _
Measurement

i Modell/2 B

3 4 5 Nfjnm] 6 7
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@ VUV Spectra of Various High-Z Elements W

ASDEX Upgrade

T inasanans
u Te,center = 2.2keV _
—| Measurement ~
= )
B N Modell/2 7
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@ VUV Spectra of Various High-Z Elements W
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 Tecenter = 2.7keV

S, Measurement
:é'\
”\ Modell/2
3 4 5 A [nm] b 14
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@ VUV Spectra of Various High-Z Elements W

ASDEX Upgrade

T
_Te,center = 2.1keV _
S, Measurement
=
W w Modell/3
3 4 5 A [nm] b 14
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@ VUV Spectra of Various High-Z Elements W
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_Te,center = 2.TkeV

Measurement

i W w Modell/3

=> Little Peak requires Larger Insight

Intensity [a.u.]
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4f-feature — computational demanding

Intensity [10°" Ph/(m%s¥nm)]

. ~200eV

FCL'H'

AI8+

= \WW-emissions below 1keV
from ions below W28+

3 : = Open 4f-shell, ver
- ~400eV ben 4+ Y
: o di. demanding
| i N|_ 05 = 4d104f1 => 4d94fr+1
s : 198 = need more configurations,
= ~500eV " 315 because of severe
: dur daw 141.0 configuration
Cu'™ o5 mixing/interaction
- - 19 = millions of transitions
~800eV dis
J1.0 € .
105 PhD thesis, ASDEX Upgrade
. | : e 50:0 A. Janzer
10 A[nm] 20 30 Piitterich, ICAMDATA-8 2012, NIST, Gaithersburg, MD -
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Energy, eV

intensity [norm. u.]

@ FAC Calculation for W23* W
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e — - = ~12000 levels
-432500 k= o 7 . .

- ? § 3 il.. = ~26Mio transitions
-432550 O i

] - IS 52
-432600 o o l m™ s v 8 -

| 0 &0 & % k- i ;
432650 L ll l T 1 = Allthe configurations
432700 * I . Influence the modelled
432750 - i - SpeCtrUm!
sz { & : Configuration Mixing
432850 . - Im PO rtant!

collisional-radiative modelling forn_e =5.0e+19mA-3,T_e= 500V
E 1 more complex
3 |ﬁ i= Need all ions to model
ok o - A 3 tokamak spectrum

wavelength [nm]



v

ASDEX Upgrade

FAC Calculation for W23+ W

= W23+ - calculation exhibits emission close to 6nm
= Corresponding transitions in W?27/*-\\W35+?

)

n_e*n_z

PEC (Ph/s/cmA-3/(

. 4-10

-1
5.10

11

-1

3¢10

-1

2-10

-1

110

FPEC for T e=

400.0eV,n_e=5.0e+19 mA-3

wavelength [nm]
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ASDEX Upgrade

@ Summary & Outlook W

W-content in fusion plasma must be controled

= W-spectroscopy is crucial

lonization Equilibrium — tokamaks provide detailed information!
= Transport not important/ Special plasmas allow quasi-local measurem.

For X-ray and soft X-ray range (W40* - W70+):

= spectra exhibit separate lines

VUV to EUV range (W14 - W45t)
= quasicontinua exist — modelling of quasicontinua require huge structure

models (configuration mixing

and interaction)

= all further calculations computational demaning

Outlook: W requires 2D diagnosis (=> cameras integrating spectra)
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Range A: X-ray Core of AUG, Edge of ITER W
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ASDEX Upgrade
E #16778 #5

15F  Tecnr=3.9 keV ‘ -4,W - measurement ] .
{ = Spectral lines (T,~2.0-6.0keV)
E An=2

= W3O+ \\49

= Advantages of X-ray
spectroscopy

= Partly accessible with
soft X-ray cameras

= miracle line* at 0.793nm,
with strongest discrepancy
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@ Range A: X-ray Core of AUG, Edge of ITER W

ASDEX Upgrade

- #16778
15F  Teentr= .
= Spectral lines (T.~2.0-6.0keV)
E_ An=2
- : ‘\l"{;‘w
o Qe n \\/39+-\ )49+
\_21.5:—
Cb
=zt = Advantages of X-ray
s spectroscopy
5 = Partly accessible with
g f soft X-ray cameras
0 gl
15 = miracle line* at 0.793nm,
3 with strongest discrepancy
0:
0.4 0.5 0.6 0.7 0.8

A [nm] T. Putterich, ICAMDATA-8 2012, NIST, Gaithersburg, MD - 38
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} SXR- W-rad

w

(measured)

L
o
&
& =
A ~
= ——=

pectrometer

te
. iy,
'0
\
——

G from

S
—/
W S kWm™3 radiated by W in SXR-range

#81913, t=50.99s after ST

sawtooth %

P kWm™3 radiated by W in SXR-range

2D deconvolution of integrated SXR-radiation W

Total W-rad.
(derived)

MWm™3 radiated by W

‘B JET

= Soft X-ray region is used to
Investigate 2D structure

MWm~3 radiated by W

= Quantitative comparison of
024 gpectrometer and cameras

= |ntegrated SXR-cameras do
not give direct information on
radiator
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