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@ Impurity Sources W

ASDEX Upgrade

= Erosion from first wall
(e.g. W, Be, C.....)

= Production of He In reactor core

‘D +°T — SHe + 'n
3.5MeV 14.1MeV

= |ntentionally injected impurities
(e.g. N, Ne, Ar, Kr...)

divertor

T. Putterich, ADAS Workshop 2015, Catania - 7



@ Radiative Losses from Plasma: W

Need Atomic Data for Many Elements!
Cooling Factors (H. Lux, ADAS WS 2014)
1030 = Strategy:
10°Y Take what is available
10732 'l
103}/ /¥ =>Various calculation qualities
— 10/}
§‘ 10°° . .
= = Systematic trends might be
= 10 hidden
10-37
107 — .
L0 — =>Not all data optimized for
" — application in a reactor
19905107 10T 10° 107 107 10°
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ASDEX Upgrade

What data was calculated | — What
elements?

PERIODIC TABLE

NIST

Group . P . f h E I National Institute of
1 Atomic Properties of the Elements Stemdards and Technology s
z = 1 1
1 S Frequently used fundamental physical constants Physical Measurement Standard 2 El
For the most accurate values of these and other constants, visit physics.nist.goviconslants Lab‘?ratWY Reference Data He
1 Hydrogen 1 second =9 192 631 770 periods of radiation corresponding to the transition www.nist.govipml www.nist.gov/srd Helium
1.008 between the two hyperfine levels of the ground state of '*Cs 4.002602
1s ||2A speed of light in vacuum c 299792458 ms’' (exact) [] solids |:|3A |:."4}:\ \1{2 \}S\ V1|-|‘.rA 18?
Planck canstant h 6.626 07 x 107" J s h=hi2n d
31359:: 4 'S ellementary charge e 1602 1r?xx 107°c { : L] Liquids 5 |6 7 1s.]8 .9 1:)”“:‘5
L. " B ’ electron mass m, 9.109 38 x 107" kg 0 Ga§es_ v C : " 0 ‘ - ’
2 1 € me? 0510999 MeV L1 Artificially [
Lithium Berdlum proton mass my 1672622 x 107" kg Prepared Boron Carbon | Nilrogen | Oxygen Fluorine Neon
:’q; 0'“‘3;‘?31 fine-structure constant o 1/137.035 999 | 13'&21 11,2'0',” 2 |1z42'°2;a :";29??" 18;92284223!16 12211‘;:7!
525 15728 - 8°25°2p 8'2s°2p" $°25°2p 525 2p 5°25"2p 5°25°2p
53917 93227 Rydtergiconsiant Ro IR () 8.2080 112603 | 14.5841 | 13.6181 17.4228 | 215645
M %,12 s 8 e EItE 13 0, (14 p, |15 *s;, |16 7, |17 3, |18 s
"2 ] R hl; 13_505 69 BV 1z o w2 2 anr 0
- .
Na Mg Boltzmann constant I3 1,380 6 x 1077 J K’ S[ S Cl A_l'
3 Sodium Magnesium Aluminum Silicon Phospharus Sulfur Chlorine Argon
2208976928 | 24.305" a 4 5 6 7 8 9 10 11 12 269815385 | 28.085* |30.97376200  32.06" 35.45° 30.948
2 o P ) N 5? 3 Nel 2, 4 2, & 2. &
S1991 e nB IVB VB vIB VIB vl 1B 1B rdivib ikt 00
19 *s,.|20 's,|21 D, |22 °F|23 “,.|24 's,|25 °s,,|26 °p,|27 °‘F..|28 F, |29 °s.,.|30 's,|31 °P;,(32 P, |33 *si,|34 ‘F, |38 PL(36 s,
3 Ca | Sc | Ti F i Z A
o a C 1 r n [+ 0 1 u n a € S € r
5 4 Potassium Calklum Scandium Titanium Vanadium Chromium | Manganese Iren Caobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine
a8 39,0983 40,078 44,955908 | A7.867 50,9415 519961 | 54938044 | 55845 | 58,833194 | 58,6934 63,546 65.38 69,723 72,630 74921595 | 78,971 78,904% 83,798
[AH4s [As® anadds® | agadies’ | jadgagtes® [Ar]ad’as asd'ess | fadadtas’ | [anad’es’ | panad®as® | padgaaas | ransaas” | (anadashap [1ansa"astap? | [anadasen® | anaa astap® | [arjae *as®an® [anaa  astep®
43407 B.1132 6.5615 6.8281 67462 6.7665 7.4340 7.9025 7.8810 7.6399 7.7264 5.3942 5.9993 7.8984 9.7886 9.7524 11.8138 13.9996
37 ’5,,/38 's,(39 ‘D, |40 °r (41 °‘D,,|42 's,|43 °s,, |44 °F, |45 °F,,|46 s |47 s, |48 's,[49 P, |50 ‘°p |51 ‘*s;, |52 |53 ‘P, |54 s,
St | Y | Zr Mo | Tc | Ru Pd Cd | In | Sn Te
5 Rubidium Strontium Yitrium Zirconium Miobium Melybdenum | Technefium | Ruthenium Rhodium Palladium Sibver Cadmium Indium Tin Antimony Telurium lodine Xenon
85.4678 87.62 88.90584 91.224 92.90637 5.95 (©8) 10107 | 102.90550 | 106.42 107.8682 | 112414 114.818 18.710 121.760 127.60 | 12690447 | 131.203
[Krl5s [r5s° [Krjddss® | [Krj4d'ss’ TKr4d'ss [Krjad 58 [Kr4d"58" |Krj4d 55 Krae'ss [Krjed™ (hrjad®ss | (kriad%ss” | [Kr)ad"ss"5p |(Krjad""ss 5e” | [Kriad s sp” | [Krjed"ss75p" | [kried 55 75p” |[Keled 58 S
44771 5.6949 6.2173 6.6339 6.7589 7.0924 7.1184 7.3605 7.4589 8.3369 7.5762 8.9938 5.76864 7.3439 8.6084 9.0097 104513 12.1298
55 ’s,,|56 s, 72 °r|73 °*r,.|74 °0,|75 °s.,|76 °0,|77 °r,.|78 °0,|79 %s,|80 's,|81 °*r;,(B2 °P,|83 's;, |84 °r, (85 P, |86 's,
Cs | Ba Ta | W | Re | Os | Ir | Pt | Au Tl | Pb | Bi | Po | At
6| Cesium Barium Hafnium Tantalur Tungsten Rhenium Qsmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.9054520 | 137.327 17843 | 18094788 | 183.84 186207 | 19023 192.217 196,084 | 196,966569 | 200,592 20438 207.2 208.98040 (208) (210) (222)
[Xe]6s [Xelos’ [Kep"5a"6s” | [Xejat ‘5a’6s” rejer'sa"ne? | [ejat ‘sa’es” | Xaler''5a"ss | (kaar'‘5a"Rs’ | [xel4i"*5d6s |[Xendr 50 "ss e 5a e [Halee [Halee” Hakp® [Halep" [Helep® [Holep®
3.8939 52117 6.8251 7.5496 7.8640 7.8335 8.4382 8.9670 8.9588 9.2256 10.4375 5.1083 74167 7.2855 B.414 9.31751 10.7485
87 5,88 s, 104 °r, |105 °F,,|106 107 108 109 110 111 112 113 114 115 116 17 118
Fr Db Bh | Hs | Mt | Ds Cn |Uut | Fl [Uup| Lv |Uus |Uuo
T Francium Radium Rutherfordium| Dubnium | Seaborgium Bohrium Hassium Meitnerium | Darmstadtium| Roentgenium | Gopemicium | Ununtrium | Flerovium Un,mpenﬁm Livermarium | Ununseptium | Ununoctium
(223) (226) (267) (268) (271) (272) (270) (276) (281) (280) (285) (284) (289) (288) (293) (294) (204)
[Rn]7s [RnJ7s? [Rn]5f" 64757 [R)5r ‘8d*7s | [Rnjsr *6d*7s”| [Rn]5r 67" | [Rajst '6a®7s”
4.0727 5.2784 6.01 6.8 7.8 7.7 7.6
Atomic  Ground-state »|57 0,|58 'c:|59 “1,([60 °1,|61 °H:,|62 F, |63 °s:,|64 °D:|65 °v,|66 °L|67 ‘1.,|68 °H,[69 °F, |70 s, |71 ‘D,
Number Level s
e i 2l La | Ce | Pr | Nd | Pm | Sm | Eu b | Dy | Ho | Er | Tm Lu
58 G < | Lanthanum Cerium  [Praseodymium| Neodymium | Promethium | Samarium Europium | Gadolinium Terbium Dysprozium | Holmium Erbium Thulium Ytterbium Lutetium
Symbol 4 k=
v L T | 13890547 | 1a0me | 14007 144,242 (145) 150,36 151,964 15725 | 15892535 | 162500 | 164.93033 | 167.259 | 168.83422 | 173054 | 174.8668
C,e = | relsass’ | prejetsoes’ | reprsst | prepaflss’ | peepfles’ | prerss’ | pensrss’ | pejar'soss’ | peeneflse’ | peepaies’ | meeierss’ | peeres’ | pelarss’ | preps'es’ | xepersess’
Name —_| Cerium 5.5769 5.5386 5473 5.5250 5.582 5.6437 56704 6.1438 5.8638 5.9391 6.0215 6.1077 6.1843 62542 5.4259
Standard _{—140.116 2 agAlzDﬁ'? 90 °F, (91 'k,,|92 EL: 93 °L,.|94 an 95 BS;D 92: qD; 97 Ew gscfaln 99 17,100 °H, 101 2:1;3 102 ‘So 103 °Fj,
Alomic L [eJ4{56s* z| Ac Pa | U Pu m Es Fm M No | Lr
Weight" =
Sl 5,5386-, ‘g Actinium Tharium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium | Californium | Einsteinium Fermium | Mendelevium [ Nobelium | Lawrencium
S < | (2 2320377 | 23103588 | 23802891 | (237) (244) (243) (247) (247) _ (251) (252) 257) (258) (258) (262)
Ground-state _lonization [Rnjea7s’ | [Rn6d’7s” | [Rn)5PBo7s® | [Rn5P8e7s’ | [Relsf8d7s’ | [Rj5f7s® | [Rojs7s’ | Rnjsi6a7s’ | [Rajsf7s® | [Rejsi7s® | [Rajs'7s® | [Rnpst7s? | [Rels7st | [Rejs’7st |Rajst7s7p
Configuration  Energy (eV) 5.3802 6.3067 5.89 6.1841 6.2655 6.0258 58738 5.9914 6.1978 6.2817 63676 6.50 8.58 66 4.90

TBased upen '“C. () indicates the mass number of the longest-lived isotope.

*IUPAC conventional atomic weights; standard atomic weights for these

For a description of the data, visit physics.nist.gov/data

elements are expressed in intervals; see iupac.org for an explanation and values.

NIST SP 966 (September 2014)

), Catania
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ASDEX Upgrade

What data was calculated | — What
elements?

PERIODIC TABLE

®3*®  Atomic Properties of the Elements

1
1A

Frequently used fundamental physical constants Physlcal Measurement
For the most accurale values of these and olher canstants, visit physics.nist.goviconstants Lab‘_"alory
1 1 second = 9 192 631 770 periods of radiation corresponding to the transition www.nist.govipml
between the two hyperfine levels of the ground state of 9Cs
speed of light in vacuum c 299792458 ms ' (exact) D Solids 13 14
Planck constant h 662607 x10™Js  (n=hi2m) [ Liquids 1A IVA
elementary charge e 1602 177 x 107°C [ Gases 5 P,[6 P,
electron mass m, 9.109 38 x 10™"kg B B C
2 mec? 0,510 899 MeV L] Artificially o o
proton mass my 1672622107 kg Prepared n arban
9-2;,22‘:33‘ fine-structure constant a 1137035909 1:;;-:,‘” 1:52!01'2192
i QN Seeenar  n jommes et | b
Rohc 1360569 eV 13 |14 °n
Boltzmann constant 1,380 6 x 1077 J K’ S]

Aluminum Silicon
12 26.9815385 28.085%

I8 [Nelzs™3p | [Nel3s’3p®
5.9858 81517

3
B

4

IvB
22 26 ‘o,
Ca Ti Fe Ni | Cu

Cakium Titanium Vanadium 1 Iren Nickel Copper
40,078 47,867 50,9415 K 55,845 58,6934 63,546
[Ars® aadiast | arjseas ¥ [arad®as’ [argan’as”

61132 6.8281 67462 6.7665 7.9025 76399

40 °F,
Zr

Zirconium
91224
[Krjée 5s"
6.6339

72 °F,

5
VB

7
viiB

8 10 1

B
29 s,

28 R,

20

Period
-y

:Po

50
Sn

Tin

[KrMd’5s
7.0924

Hafnium Rhenium
178.48 WEEJUT

Halee’
5.8251 .. 74167

7
[Momic  Ground-state P 66 L,
N\ 2
58 1G° E ium
‘Symbol - 4 .ﬁ Dywsgrznsuu
N Ce = [Xaér'es” Xe)ai 65"
ame—1{ o~ om 5.5250 5.9391
Standard __{ 140,116 2
\Q:mr:% I [Xe]af5des” k-]
g 5,538, E
<

‘Ground-state Iorllzation
Configuration  Energy (eV)

*IUPAC conventional atomic weights; standard atomic weights for these For a description of the data,
‘'Based upon g, () indicates the mass number of the longest-lived isofope.  elements are expressed in intervals; see iupac.org for an explanation and values. 2




@ What data was calculated Il — What quality? W

ASDEX Upgrade

Baseline elevated high quality

New data has:

Excitation+population model: baseline
Recombination data: baseline
lonisation data: elevated

But: baseline is not equal to baseline !

T. Putterich, ADAS Workshop 2015, Catania - 12
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@ What data was calculated Il — What quality? W

ASDEX Upgrade

Baseline elevated high quality

New data has:

Excitation+population model: baseline (Cowan + p-w Born + basic CR)
Recombination data: baseline (ADAS407/408 type A, parametric forms)
lonisation data: elevated (CADW, but in zero-density approx.)

But: baseline is not equal to baseline !

T. Putterich, ADAS Workshop 2015, Catania - 14



@ What configurations have been included? W

ASDEX Upgrade

= Try to maximise number of configs

* |nclude the ,important’ configs

= Strategy:
= Use configurations as identified for W
(PhD Putterich, PPCF 2008, NF 2010)

= Level resolved calculations for
= Predicting spectra
=Running adas407/408

= Configuration averaged caluclations for cooling factors

T. Putterich, ADAS Workshop 2015, Catania - 15
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ASDEX Upgrade

Power

Configuration Average is Good for Radiated

Radiated Line Power (C;..)

.30 e
107 5) SRR B () 46
C;)_I 31_ ngi l",: —————— ‘-:-‘:‘-_;i“.....f | LR u*e'-—_-'—?"'-‘!'r
g10 - " X S, == - CALR s ;
= : P AN T [ === CALLARGE 4
o -32] ¥ A A TTman52+] | ——— fracabun.. f )
s Sy T {1
N AR { 3
107 102 10° 104 10°10'" 102 103 104 10°
Te [eV] Te [eV]
Putterich NF 2010
LR/CA-LR

= Level-resolved
LR

= Config.-average
CA
= LR set of configs

= Large set of
configs ~#30

CA-LARGE

Mo-like TV 32+

4d% ., 4d°4f—4d° 5f,
4p° 4d7,

X =17

4d% | 4d°4f—4d°5g,

4p°4dT —=4p°4d®5g,

4sdp®4d” —4s4p¥4d®sg,
3d%4524p®4d™—3d%4s?4p84d%5g ; © = 28

T. Putterich, ADAS Workshop 2015, Catania - 16



@ lonization Equilibrium for Old Data (Xe) W

lonization Equilibrium of Xenon (Z=54)
10 L] n lllllll L] n IIIIIII L] L] lllllll L] L] lllllll n L] L L L
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@ lonization Equilibrium for Old Data (Kr) W

lonization Equilibrium of Krypton (Z=36)

1.0 I 4 1+ Db 3 4+ 5+ 05 7+ 8+ OF 1041141241314+ 5+16+17+1 s'+1'9+'26+'z'1'+22+23+'24+2'5+2'a+§7'+2'8'+éb+30+31132+53+5,4lgé+'351_
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ASDEX U pgrade

lonization Equilibrium for Kr (Mattioli data) m

Mattioli JPB 2006

lonization Equilibrium of Krypton (Z=36)

B 4p 4s2  3d10 3p6 3s2  2p6 2s2 1s2

fractional abundance
o
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©
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I I 1 I

O 1+ 2+ 3+ 4+ 5+ é+ 7+ 8+ 9+ 10+11+12+1 3-!-14+15+1 6+1 T+18+19+20+21I+22+23+24+25+26+27+28+2'9+30+31+32+33+34+35+36+
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ASDEX U pgrade

lonization Equilibrium for New Data Credible

(KTr) W

fractional abundance

lonization Equilibrium of Krypton (Z=36)

107 \?61 L T S S P D R T R e

||, Thisisadio :
081= This is 2p6 _
sl x \ /\ :
0.4-— | _:

A A
DL M
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ASDEX U pgrade

lonization Equilibrium for New Data
Credible(Xe)

fractional abundance

lonization Equilibrium of Xenon (Z=54)
1.07 | | L] L] llllll L | | | lllllll L] | | L | llllll L | | | L] llllll
- 8+ 9+ 10+11+12+13+14+15+16+17+18+19+420421422+23+24+25 2+43

452 3d10 3p6 3s2  2p6 2s2 s2

0.8 —

This is 3d10 o
This is 2p6
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02 . "‘m\ M’"\ “ / | ' ,.4’ ‘
‘ \ \/ "’0\‘\\ | | \'Q“\ i

10° 102
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Old vs. New Data for H W

ASD@;mde
-24
10
-26|
10
o™
-
9
=
N -28L
— 10
o)
o !
SO
(©) ‘,»/
S -301 _—
o 10 _—
H new data |
_32—I—I-I-I-IJJII—I—I—I-I-I-I.III—I—I-I-IJ-HII—I—I-I-I-I-HH
10

10" 102 103 10% 10°

Te [eV]

= Old data up to ~40keV
available

= Continuum Radiation in
agreement slight deviations for
line radiation

= For low-Z, old data may be
better for line rad. (or not?)

T. Putterich, ADAS Workshop 2015, Catania - 22



@ Old vs. New Data for He W

ASDEX Upgrade

-24
10 = Old data up to ~40keV
available
-26| i . L
_ 10 = Continuum Radiation in
= agreement slight deviations for
= line radiation
N -28 i
— 10
£ / = For low-Z, old data may be
18] .
o T better for line rad. (or not?)
g 3o/He -
sl ]
v | H | = Helium: Continuum rad. In old
new data data has wrong T-dependence
-32

0 i - extrapolation?
10" 102 103 10% 10 P

Te [eV] T. Piitterich, ADAS Workshop 2015, Catania - 23




@ Old vs. New Data for H to Ne W

ASDEX Upgrade

-24
10 = Old data up to ~40keV
available
— = Continuum Radiation in
£ agreement slight deviations for
= line radiation
N
= = For low-Z, old data may be
48] .
o better for line rad. (or not?)
c
E ]
v H | = Helium: Continuum rad. In old
new data data has wrong T-dependence
-32 .

10" 102 103 10% 10

Te [eV] T. Piitterich, ADAS Workshop 2015, Catania - 24




@ Old vs. New Data for Arto W

ASDEX Upgrade
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@ New Data Behaves Straight Forward

ASDEX Upgrade
10730 rrrer T —————rrr———
B _,‘\,_\A; , .
A 66?(y soNd
§ . 54N€ 55N
— 4719 oMo
= Ar W2 Kr
S 20CU LNi
— Fe
& - 26V 24CT
g 23Ca 22Ti
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S 1039 S EEY
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O 9
36 — 8~ LN
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T. Putterich, ADAS Workshop 2015, Catania - 26



@ Overview

ASDEX Upgrade

= Motivation
= |Impurities in Fusion Plasmas
=|ssues with existing data

= New Calculations using ADAS codes
= What quality has the new data?
= First tests with the new data

= First Applications of the new data
= Course of Action?

T. Putterich, ADAS Workshop 2015, Catania - 27



’

ASDEX Upgrade

How Much of an Impurity is Tolerable W
In a Fusion Reactor?

Max. Concentration

= All reactor models

0.5D Model

0D Model p*=5
T-peaking (2.5) P*=2

Match DEMO1 (2.0 & 1.3) P"=5|p
Match DEMO1 (2.0 & 1.3) p*=1

require cooling
factors to model
iImpurity radiation

= Here, very simple
0.5D model is used
to evaluate impurity
limit for each
element

10
Nuclear Charge Z

100

T. Putterich, ADAS Workshop 2015, Catania - 28



@ Overview

ASDEX Upgrade

= Motivation
= Impurities in Fusion Plasmas
=|ssues with existing data

= New Calculations using ADAS codes
= What quality has the new data?
= First tests with the new data

» First Applications of the new data
= Course of Action?

T. Putterich, ADAS Workshop 2015, Catania - 29



@ Summary — Outlook W

ASDEX Upgrade

= Data for plasma emissions have been calculated for all
lons of 35 elements

= The same procedure has been used for all elements, thus
systematical trends in the data can be better observed

= The quality is good for baseline calculations

= For elements with Z higher than ~18 the new data is
probably an improvement

= Include all data in ADAS? Dedicated benchmarking?

T. Putterich, ADAS Workshop 2015, Catania - 30




