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KSTAR campaign 2015
W powder injection experiment
by KAIST and ITER Korea teams

A spectroscopic modeling for analysis of the experiment
has been carried out being combined with a transport effect.
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Atomic processes in plasma
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Spectroscopic modeling

Emissivity g; for line transition i—j
g,=1 (/',z‘)ne (f,z‘)PEC /./(7'9 ,/78) mm) Photon Emissivity Coefficient

V4 )" | _ Aj
Charge Z ion density Electron density PEC”(TE)I_/XN ZA.k
|
from t_“ransport Collisional excitation k<i N\
modeling (CE) rate Radiative transition
Simple coronal Model for state population density probability
_ ; Atomic Data
CE from Radiative
Otoi transitions
Y any k below i

J
Ground state
for any charge

with hydrogenic

: approximation
0 state of Z ions 2
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Transport modeling

Transport equation for charge Z ion

an (I‘,t) = -V .rz(r,t)+ Sz(rat)
Ot
Transport B on, (r,t)
Tran —- T (r,t)— ’ P -|-.\72(1’,t)

Diftusion coetficient Drift, convection coefficient

S-OU rce & — SZ (r’ t): —neu.)- n,+ Ile(xlZl n, , + neOLIZ{H ‘n,,
sink term 7/ \

Ionization rate Recombination
coefficient coefficient
Atomic Data
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PEC calculation for W ions

Wa+ (q=17-27) ground state 4d1° 4fm™ (m=14-1),
Ionization energy (IE) : 432.3 eV-885.7 eV
Upper state Lower state
4d10 4fm-1 n’l” - 4d10 4fm-1 n|l + hy
— 4d10 4fm + hy (n'=n=5)

Wa+ (q=12-16) ground state 4d10 4f28-a-m 5¢™ (m=1 or 2),
IE : 273.6 eV-390.2 eV

4d10 4f28-9-m 5gm-1 n’|" — 4d10 4f28-9-m 5gm-1 n| + hv
— 4d10 4f28-a-m+1 5gm-14 hy
— 4d10 4f28-am+l 5sm2 nl" + hv  (n'=5 6,
4d10 4f28-9-m-1 5gm n'|" — 4d10 4f28-g-m-1 Egm n| + hy n<n)
— 4d10 4f28-a-m 5gm+ hy
— 4d10 4f28--m 5gm-1 n’l" + hv
Wa+ (q=6-11) ground state 4d1° 4f26-a-m 5g2 5p™m (M=6-2),
IE : 125.7 eV-234.2 eV
4d10 4f26-a-m [552 5pm]-1 n'l" — 4d10 4f26-a-m [552 5p™]-1 n| + hv
— 4d10 4f26-a-m+1 [552 5pm]-1 + hyv
— 4d10 4f26-a-m+1 [552 5pm]-2 n’|" + hv
4d10 4f26-a-m-1 5525pm n’l” — 4d10 4f26-9-m-1 5525pm n| + hv
— 4d10 4f28-a-m 5525p™ + hy (n'=5,6,
— 4d10 4f28-a-m [5525pM]-1+ hy p < n"
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PEC calculation for W ions

Wa+ (q=5) ground state 4d1° 4f14 552 5p%5d, IE : 66.37 eV
4d10 4f14 [5s2 5p® 5d]1 n'l' — 4d10 4f14 [5s2 5pé 5d]1 nl+ hv
4d10 4f13 552 5pé 5d n'l' — 4d10 4f13 552 5p® 5d nl+ hv

— 410 4f14 552 5p6 5d 4+ hy (N

— 410 4f14 [5s2 5p6 5d] ! + hv N
Wa+ (q=28-37) ground state 4d™ (m=10-1),
Ionization energy (IE) : 1133.8 eV-1620.2 eV

4dm™1 n'l' - 4d™1 nl + hv (n'=4,5,n < n’)

Wa+ (q=38-45) ground state 4s™ 4p46-a-m (m=0-2),
Ionization energy (IE) : 1830.7 eV-2414.2 eV
[4s™ 4p*6-a-m]-1 n'|” — [4s™ 4p46-a-m]-1 n| + hyv
(n'=4,5, n = n’)
Wa+ (q=46-48) ground state 3d™ (m=10-8),
Ionization energy (IE) : 4059.2 eV-4309.4 eV
3d™1n’l" — 3d™Inl + hv (n'=n=4)
— 3d™ + hv
FAC data vs. ADAS data
Full J-J coupled level Configuration average

resolved scheme scheme

For eg. W2>+ A
Total 9+496 levels 1+28 states ((‘/'
K
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calculation for W ions
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C calculation f

Wil+ Wiz2+

<107 <10
8 35

(1010 1010

254

PEC




PEC calculation for W ions
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PEC calculation for W ions
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Transport free equilibrium state
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Transport modeling for W ions I

Electron temperature and density profile used for

-
modeling
Electron temperature . Electron density
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Transport equation (SANCO code)

by KAIST team

)
Nuclear Data Center AAE“'



Transport effect

e . W 5=20+ ‘ W Z1—48+
“IOTE 4x10" T
I0%E 3x10"E
2x10"E 2%10" -
110 1x10"
D; . L N . 1 . N 1 o .
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.8 1.0

KSTAR #13104

4000 ———————— (Before)5.205 FAC PEC data VS. ADAS PEC data
s (After) 5.4055.5115.711 1015
*g‘ 2.5 o< T T T T T
82000 Total
$ 5-15+
° 2 1 i
& qf 18 20 22 o e
Wavelength (nm) ;; 30-48+ r
34000 %'-5‘ l
‘3’ = 1.0x10"
5 H '
82000 Z ot
2 50x10"
S 9% 6 B 20 osr I
Wavelength (nm)
0 M " L T —— (] 1 1 1
140 150 160 170 180 190 200 210 220 140 160 180 200 220

Wavelength (A) Wavelength / A

KAERI



Ionization data for W spectroscopic modeling

W+ W17+ w25+
i 5d"65'6D ' o "« Stenkeetal. ] - 4I(Ij|104flll 4I o A ‘;; 14 o T T
L 112 4 Montagueetal. { = 50| 15/2 E "’E 12 I 4d 104f3 4I
%l —is™ T FAC level /e JE o2
O 3r BEB,D+EA 7| E L - e L
= 1 5% resolved / o 0
= ) I Z st
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i ]
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OL?® r r e o 0 'Ej‘ 0 Ll . L
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Electron temperature (K)

D.-H. Kwon, Y. S. Cho, and Y. :
D.-H. Zhang and D.-H. Kwon, A. Kyniene, S. Pakalka,
O. Lee, IJMS 356, 7 (2013)
JPB 47, 075202 (2014) S. Masys, and V. Jonauskas,

JPB 49, 185001 (2016)

ADAS ionization data by CADW ab-initio calculation for W ions
= IS reliable within 30-50% accuracy being compared with other ab-
Initio calculations and the data set is available for all ionization
stages by S. D. Loch et al. (Phys. Rev. A 72 052716 2005).
)
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R-Matrix vs. DW for CE

Channels :
S=§,+s,

E = E +k?
ZC//A[CD ¢//]+Zd//ﬂ//’l ’

HW + 0, =E 'y, We =2 Ay
k
Wavefunction of the scattered electron

P in channel J
(0 /(f)J B ;AEK V/k(f)J

@Q,(n) b+x
Pr) 2rc
Pe) =D R Rrcd ()= b +x,)P ()]

T = (_1)n,-+z

L=L,+1,

o il (n)
H/'/_Z/b; E/?/H—E
Scattering matrices :
S=(1+K)1-K)',StS=1": condition
T-1-8 is satisfied.
——Z(ZJH)Z

K, Kp

H = ZH +Z—

R-Matrix
Boundary

rO <r< rmax

Exchange potential
between scattered
electron and bound
r=r, electron is
neglected.

DW approximation

ey M+iK 2K
T=I-S=I-—— == =~ -2iK,

QG = EZZUT ]Z |K(joxco, jixe1 ’Jr

knky Iy inin

Inner region

2

=23 Y i} (Woxo. err|Z—|w|x. JrMr)
kgiy J

Channels are not coupled.

Unitarity is not satisfied.

Target state description is

more expandable.
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EII pathways and cross sections

Direct ionization (DI)
A% v 5> AT Lo 1"
Excitation-autoionization (EA)

A" +e > A7 + e’

S A Loy e"
Resonant excitation-double autoionization

AT o — AT (REDA)
—> A7 + e’
J AT - DI (g+1)+ " m
—h — A +e"+e -
— pepp  RESONanNt excitation-auto double ionization
AG-D+ v RD A9t 4oy Ao o plase | gn o gm (READI)

Total EII cross section in an Independent Process-Isolated Resonance
g, = Z 7' +Z B +Z—DCBda (IP-IR) approximation

Aut0|on|zat|on (AI) branchlng ratio (BR) and double AI-BR

Bé — 23’4/588 +Z/4/ﬁf pda _ Z ’4/(/ 7
' ZSA?S—i_Z[A;T ‘ Z/A Zf Jt
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Compilation of recombination data

Radiative recombination A9 [] A9—1+n{
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4f open shell, benchmark experimental data by

measurement in TSR is available.
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DR data for W spectroscopic modeling

W45+ (Cu-like to Zn'likE) - - - -
- ab-initio calculation
=~ 3/2
i I (partial 2
—-E Z::Zv e: :l ::sriia:; —_— 1 4Tca0 Ry
Nagano Tomohide al (T) _ X
s . H.KwON 2g | k BT
1.00E-09 s COlgaN
. = E,
: = 2 9AIB; &P - — T
E = === Puetterich 2 J
£ s it i)
§ ----L):H:Kwon (only An=2) Z / ZL+ Z /4/rfB
% Sasaki B / [
& Z/( A Zf /1t

1.00E-11 +

- = BUrgess formula
0o, (T) = 7.59x1074n n, BDDA.T)

3/2
T

1.00e-12

\
electron temperature [eV]

f.A(Yy)exp| ——
IAEA&KAERI Joint CM on DR for W (Sept. 2015) x; iAW) Xp( T]

ADAS recombination data based on a simple Burgess formula for W ions quite
w differ from other ab-initio calculations and the data is not available for many
ionization stages. <
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New recommended DR data for W ions

Rate coefficient (cm®/s)

Rate coefficient (cm®/s)
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Fractional abundance

Z
. . N1
Nyt = ZO N, f1= N = Fractional Abundance Z f!
O ro-
Niot % /' | =| 0 | eCollisional Ionization Equilibrium
dt

Total recombination rate coefficient

- —Sier Ctyor 0 17s°71 107
Niote | [Stor =" =Sie ™ i || | /1 | =0
0 [
v
Total ionization rate coefficient 2
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Fractional abundance difference
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Spectra sensitivity
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Modeling uncertainties

Electron temperature & density profiles
Transport D & V coefficients

Time evolution of impurity

PEC beyond coronal model

Atomic data for ionization and recombination

2
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CR modeling for lowly charged W ions

WAYELENGTH (A)

I
E i, ;
] d;’J = N { > [Ny (Te) — Ny (T2)]
e
E +ZNE+1,I'C£+1,I'—3£,j(E:I — N E Crjsi—1:072)
E +ZNE—1J5DP—CI,;E—3£J(E) - N%J EDE,F—}HL;E I:T-E:'
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PH\E‘Z?;ILE;T;Y(E;O +N |:ZNE 1:18.5 lz—rﬁj(T:‘ NEJZJBEJ—}£+11(TE):|
1021;.__........ll.........12;*?........3?0......_..6?2 Nyshioe; — Iy A
Tl n= 0o 3 Wity T i
" E s "-'_-.Illl-. = E
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}41019_ III ll.'.’-.'thlll 1N E i i
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C 4 AT Y
101?5_ f‘ 5'!'J|_"|'i|||_."" i r"
E W '
B s PHOTOM EII?IEQGY &%) o >
J. Abdallah Jr, J. Colgan, R. E. H. Clark, C. ]J. Fontes and H. L. Zhang, 2

J. Phys. B 44 075701 (2011)
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CE for lowly charged W ions

Collisional excitation of W3+ (5d3*F,,)
120 ! | ! | . | ! | ! | ! | ! | , |

100

0]
o
|
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------- FAC R-Matrix
—— DW by Ballance et al. (2013)
------- R-Matrix by Ballance et al. (2013) |

Cross section (Mb)
S 3
| |
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DR data of W ions

Zn-like 3d104s? __Cu-like 3d4s

Rate coefficient (cm’/s)
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DR data of W ions
Ni-like 3d™4s
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Rate coefficient (cm3/s)

Rate coefficient (cm3/s)

DR data of W ions
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Rate coefficient (10'8(:m3 s'1)

DR data of W ions
Wzo+ (4d104f8)
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FAC radiative decay 2
routine was parallelized. aNg
AAEM’
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Summary and outlook

We have calculated DR and PEC of W ions
for spectroscopic modeling.

Recently recommended DR rate coefficients
for W ions have been used for a
spectroscopic modeling and the sensitivities
of the line intensities to DR rate coefficient
have been investigated.

DR for Wat+t (q=8-12, [Kr]4d194fm5s25pn)
will be calculated.
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Collaborations
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