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OES in low temperature plasmas

Experimental setup CCP: Capacitively Coupled Plasma
ICP: Inductlvely Coupled Plasms
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CRM for low temperature He | plasma

Steady state balance equation for excited levels
From the particle balance equation ?3‘_2 + V- (nu) = %
ON;

) : )~ vaN, N _
— V. (VD, N)—(&)CR, V- (VDNy) ~ viN;, 2 = 0

,nu = —V(D,n)

aN;
ot

In the weakly ionizing plasma conditions Nya; >» n,ag, n, = n,

Populating terms Depopulating terms
Zneafixl\lj + ani(Ni)AjiNj = Z TN+ ZULJ(N )AUN +n.a;N; +Z a;i NiN; +vaN;
JE! Jj>i JE! Jj<i

Nonlinear terms
Ground level population
Ptot = NOkBTg + n+kBTi + nekBTe = NOkBTg

N, = 2t (constant)

Diagnostics for plasma parameters

JSRM _ [OES NinixAix
Minimization of A(ne;Teff; Resr Leff) = Z( l JOES ) ) II,(;(RM 1
ik ik



Gas temperature for He | plasma

Langmuir
probe

HR 4000
Spectrometer L
‘mm
OF
[ | =
High-resolution
LT: lens tube Spectrometer

OF: optical fiber
MFC: mass flow controller

Gas temperature

T, can be estimated with

the Ny rotational
temperature obtained
from the emission
spectra of the NS

transition B?If,v=0-
X?xf,v' =0 by inserting
small amount of N, gas
into the He plasma.
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Energy levels and Kinetic processes of He |

Energy levels

lonization Limit

2 (IP = 24.59 eV)

| — — — — I TE—— EE—
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153573 49239 nm

1s3p 3P 1s3d °D

3
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7

~ 7/
~~_ Diffusion ,”
N R ,/
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W S

Wall
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up to 1snl (n = 10,4 = 3)

Kinetic processes

1.He+e —» He* + e aii  [1]
2.He+e o Het+2 af [1]
3.He* - He + hv Aij, Ai; (2]
4.He(1s2¢) + He(1s2¢") |
— Het + He +e d
2.9 X 10—9(Tg/300)1/2(cm3/8)
5.He(1s2s) — towall v
2 2
d_ 2.405 m
t-o (i +(2))
) Y\ \Resys Lerf
73/2
D, = 8.992 x 102 4— — (cm®/s)

[1] Y. Ralchenko, R. K. Janeyv, T. Kato, D. W
Fursa, I. Bray, F. J. de Heer, Atomic Data
and Nuclear Data Tables 94 (2008) 603.
[2] G.W.F Drake, D.C. Morton, Astrophys. J.
Suppl. Series 170 (2007) 251.



Results for diagnostics
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K.-B. Chai and D.-H. Kwon, Spectrochimica Acta Part B 183 106269 (2021).



Population kinetics for He |

Populating terms (cm™®sec™)

Depopulating terms (sec™)
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Deviation from Boltzman distributions
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KAERI Plasma Beam Irradiation Facility

Motivation of the construction

In order to develop divertor materials and cooling techniques resisting high heat and
particle fluxes (heat flux of 10 MW/m? and particle flux of 10%* /m2s will come in ITER
and much larger heat and particle fluxes will come in DEMO), we have constructed lab-
scale divertor plasma simulator

Applied field-magnetoplasmadynamic (AF-MPD)

External B-field coil

thruster concept

Applied B-field type I/ type Il type I/ type Il
 Anode radius = 4/2 cm, cathode radius = 0.6/0.4 cm

0 . )

* Anode material: Cu, cathode material: W+ThO,, (2%)

Cathode (-)

nduced  Lorentzforce «  INsSulating material : ceramic (Al,O5)

current  (JxB force)

(AN

gas

« Sustain power supply : DC 10-20 kW

Plasma current

« External B-field: 0.17 T (NdFeB permanent magnet)

« Both anode & cathode can be water-cooled




KPBIF schemes and measurement
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K.-B. Chai, D.-H. Kwon and M. Lee, Plasma Phys. Control. Fusion 63 125020 (2021)



CRM for H/D plasma

Considered processes

Hn>=1)+eo Hn' >n)+e
Hn=>=1)+e e H + 2e

H(n <40) > H(n' <n) + hv

H* + e > H(n < 40) + hv
H,+e—->Hn=1)+Hn <3)+e
H,+e—->2Hn=2)+e
H,+e—>H"+Hn=1)+e

H, + e » HI + 2e

Hf +e > H(n=1)+H®n' = 2)
Hy +e->H"+Hn <2)+e

Hy +e—>2H" +e

Hf +e—>H; > H(n=1)+H" =2)
Hf +e—>3H(n=1)

Hi + e > H, + H(n = 2)

Hi +e—>H"+2H(n=1)+e

Hi + H, » H(n = 1)+ Hj

(1) [
(2) [1
(3) [
4 [1
(5) [2
(6) [2
(7) [1
(8) [1
O [3
(10) [3
(11) 3
(12) [
(13) 3
(14) [3
(15) [3

]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
(16) [4]

[1] R. K. Janev, D. Reiter and U Samm, Collision
processes in low-temperature hydrogen plasmas,
Report JUEL-4105 (2003).

[2] R. K Janev et al., Elementary processes in
Hydrogen-Helium plasmas, (Berlin: Springer 1987)

[3] W. L. Wiese, and J. R. Fuhr, Accurate atomic
transition probabilities for H, He, Li, J. Phys.. Chem.
Ref. Data 38 565 (2009).

[4] P. del Mazo-Sevillano, ..., D.-H. Kwon, O. Roncero,
Molecular physics 2183071

% The cross sections for electron collisions and
radiative transitions of D species were used by
those of H species. The heavy patrticle collision
cross section of D species was from the ab-initio
calculation for D [4]. The mass effect for rate
coefficients and mobility of D were taken into
account.

4 [e 0]
a(Tyz) = 3 f o(v12)exp ((v12/vT )2) 17132d1712
\/EUT]_Z 0 12

Ti2 = (MyTy + myTy)/(my + my)

Uy, = \/2(m1 + my)Typ/mym,



CRM for H/D plasma

For atomic levels n; (i = 1 - 40)

40
dn; Q vy
760 T - A — A+ =4+L8 \n + T = 2R /vy
D — T.KO m 27711 jilly ( NijAjj i1 i
AHT = Te1 ( p 273 ) 15 > j<i @ 2T,
p =ny,T, Vep = 2
Tt Ne z Bjin — Zﬁuj n; — BN +P4i nyg+ | + My
KY =159 (H'*),11.2(D") = =i
(cm?V~1s™1) Ne(Bsi + Bebiz + B76i1)N41 + ne(Boi + Broi + P12i) M4z +
_ , _ \/E\/E Ne(B136i1 + B148iz + B156i1)Musz + N41B166i1 M4z + _
. ( j=42Saj (E) Dpjnj + Gap+ (E) DAH+nH+> 0i1

For molecule and ions n; (i=41,42,43 for H,, H,*, H3*)

43

dn; Q; 4 A% Ay

d_t‘ = 8ia1 | MeBranaz + % X 4.48 X 1017 + —m+ z Cmj (E) Dyjn; + Gpp+ (E) D gy
j=42

—0i41Me(Bs + B¢ + L7 + Le)n; — Siazne(Bo + P10 + P11 + L12)n; —
8ia3Ne(B13 + Pra + B15IN; + 8142 (MePg—N41B16)N; +

N41B160ia3Ma2 — 0i41B16Ma2M; —%ni — (1= 641) (%)2 Dy;n;

Quasi neutrality condition for H* ion ny+ : ne = ny+ + nygt + ny
rather than pressure balance equation :

Prot = NnkpTm + kpTa (X121 n; + ny+ )+nekpT, + npks (an + nH;)



Results for H/D CRM
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Sensitivity to used atomic data (X, + X3,X = H, D)

Reactive Cross section (A2)
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"o trajectory) calculations

P. del Mazo-Sevillano, ..., D.-H. Kwon, O.
Roncero, “Vibrational, non-adiabatic and isotopic
effects in the dynamics of the H, + HJ - H} + H
reaction: application to plasma modeling”,
Molecular physics €2183071 (2023)

(https://doi.org/10.1080/00268976.2023.2183071)



Comparisons of used atomic data
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Resulting populations

Density of X," (x10°cm™)
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H3 dominant case
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Sensitivity to used atomic data (X, + e, X = H, D)
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H molecular energy levels

Potential Energy (eV)

nso  npa n nde nd. lali) i d| o 1
351—|||||-|,|||||||||||| I I O O O = _‘c:‘p::‘pﬂ‘c:‘ﬂr‘; :rfﬂ;;;pﬂ;gpﬂr;::rlﬂr;dé_
o ‘ \ \ - Eg z I, Eg I'I,,_i ,55 | Zg z, I, Eg I'I,g ‘:\g

i I"'. ] FH,' | 4
N ] 15- 0, g D, P, R, S, k, P, r, s —
30 — VY — =4 D, =4 4 s ==u f —_ =
_ _ H ='D e
- \'\\ EEE; CBHU . | —s B, =3 G, 41, i:ilg .. d, 9, 1, 1, ]
\ - I i
- ' i E
250 . | = Lo 2, o, _
i - B, |
L _ . | | i
20+ 1 3 g0k . b, _
I~ n - I repulsive
L - | ' 4
L -] |
C 7 5 : | 1
151 5 :
B ] — i |
|
L - L | 4
10_ 7] I
L 51 | |
B ] L i J
- — |
5r 3 I | |
L % . |
- . - | -
- 1 + . Singlet | Triplet
— XZ ] _ g | |
O-I-||||I|||||||| 9 v tvva e bt b o X1 :
u pr—
0 1 2 3 4

Internuclear Distance (A) K. Sawada and M. Goto, Atoms 4 29 (2016)



Comparisons of used atomic data

Cross section (A%
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Comparisons of used atomic data
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Comparisons of used atomic data
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Resulting populations and spectra
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Sensitivity to plasma parameters n, and T,

Intensity normalized to H
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CRM for vibrational states of H molecules

Energy level diagram of H,

Singlet system
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S/XB ratio for sputtering yield
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Sputtering yield of W by Ar ion beam
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LP measurements

Measured S/XB ratios
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S/XB ratios : measured vs. calculated
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Calculations of S/XB by I. Beigman et al. (2007)

Electron impact ionization (EII) rate
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for the 6s and 5d shells by Born-Ochkur approximation using ATOM

Electron impact excitation (EIE) rate
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for the dipole transitions by the semi-empirical van Regemorter
formula (Astrophys. J. 136 906 (1962))

The ionization per photon
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Selected lines for S/XB of W I

A(1/s) & BR(%)

A (nm) NIST HFR GRASP MCDFGME
429.461 1.2E+07 1.2E+07 3.2E+07 2.4E+07

(94) (95) (91)
498.259 4.2E+05 1.1E+06 2.1E+05 4.9E+04
(79) (80) (96)
505.328 1.9E+06 2.5E+06 3.20E+06 1.3E+06
(52) (53) (48)
5d46s2 5d°6s 5d*6s6p 5d°6p

NIST : A. E. Kramida and T. Shirai , J. Phys. Chem. Ref. Data 35 423 (2006)

HFR : P. Quinet et al., J. Phys. B: At. Mol. Opt. Phys. 44 145005 (2011), DESIRE DB
GRASP : R. T. Smyth, C. P. Ballance et al., Phys. Rev. A 97 052705 (2018)
MCDFGME : Present calculation



Energy levels for S/XB of W I

Energies (eV)

Configuration Term J NIST HFR GRASP MCDFGME
5d*6s° D 0 O 0 0 0
1 0.2071 0.2104 0.1273  0.1465
2 0.4123 0.4192 0.2927  0.3239
3 0.5988 0.5998 0.4729  0.5204
4 07711 0.7585 0.6631  0.6941
5d°6s ’s 3 0.3659 0.3587 0.4057  0.0751
5d*6s6p ’F 1 2.4877 2.4826 2.1842  2.1667
‘D 1 2.6599 2.6581 2.4292  2.4960
5d°6p (5d*6s6p) ‘P 2 3.2521 3.2584 2.9697  2.9706



Configurations for energies W 1

NIST, HF
based on
EXP

(Kramida

et al. 2006)

5d%6s?
5d°6s
5d°
5d*6p?

5d°6s6p?

5d*6s6d

5d*6s7s
5d°7s
5d°8s
5d%6s7d

HFR
(Wyart
2010)

5d%6s?
5d°6s

5d°

Even parity
HFR GRASP
(Quinet (Smyth
et al. et al.
2011) 2018)
5d%6s? 5d%6s?
5d°6s 5d°6s
5d° 5d°
s5d*6p?  5d%6p?
5d*6d? 5d*6d?
5d36s6p? 5d36s6p?
s6p s6p
5d°6s°6p? 5d°6s°6p*
5d°6s°6d?
5d*7s?
5d*6s6d 5d*6s6d
5d°6d 5d°6d
5d%6s7s 5d%6s7s
5d°7s 5d°7s
5d36s°6d
5d36d>
5d36s%7s
5d6s°6d?
5p?5d®
5p*5d°6s?
5p?5d’6s

MCDFGME
(Present)

5d*6s?
5d°6s
5d°
5d*6p?
5d*6d?
5d°6s6p?
5d%6s6d?
5d%6s°6p?
5d°6s°6d”
5d%7s?

5d°7s

NIST, HF
based on
EXP
(Kramida
et al. 2006)
5d*6s6p
5d°6p
5d%6s%6p

HFR
(Wyart
2010)

5d*6s6p
5d°6p
5d%6s%6p

Odd parity

HFR
(Quinet
et al.
2011)

5d*6s6p
5d°6p
5d%6s°6p
5d%6p>
5d%6s6p>
5d%6s7p
5d°7p
5d%6s5f
5d°5f

GRASP
(Smyth
et al.
2018)

5d*6s6p
5d°6p
5d%6s%6p
5d%6p>
5d%6s6p>

5d%6s°7p
5p>5d’
5p>5d°6s

MCDFGME
(Present)

5d*6s6p
5d°6p
5d%6s°%6p
5d%6p>
5d%6s6p>

% Our present MCDFGME : Self-
consistent-field

radial
the

wavefunctions

(SCF)

wavefunctions

in

configuration
interaction (CI) procedure
% Others

Fixed

procedure, (
Extended Average Level (EAL)
method )

radial
in the CI
GRASP



S/XB

Ny

10°

10°

10"

S/XB for various DB’s
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D. Nishijima et al., Phys.
Plasmas 18 019901 (2011),
Erratum of Phys. Plasmas
16 122503 (2009)



S/XB by EIE cross section from DARC calculation and a CRM

S/XB factors for W 1 4009A emission
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Further effects to be considered

Opacity, Optical trapping

XB  Amlyy  4mlwg X {1 exp( )mep)}’ n <10
Optical cascade from upper levels

Finally, more accurate collisional-radiative

modeling considering other processes such
as diffusion etc.



Other models for EII(E) cross sections

Binary Encounter Bethe (BEB) model for EII
(Y.-K. Kim and M. E. Rudd, Phys. Tev. A 50 3954 1994)

4masNR? Int 1 1 Int
O-neutzBZ[t_l_ 1__2 t1—-7-
(u+1)/m]| 2 t t t+1

N : The orbital occupation number

B : The orbital binding energy,

t = T/B for incident electron energy T

u = U/B for the orbital kinetic energy U

Constant m = 1 for K- and L-shell, m=n of other orbitals

BE scaled plane wave Born (PWB) cross section for EIE

(Y.-K. Kim, Phys. Rev. A 64 032713 2001)
T

0} = 0}
BET T4+ PWE

E : The excitation energy



Summary and outlook

® Collisional-radiative modeling (CRM) for He, H/D
plasma

v The CRM solves nonlinear steady state balance equations
including processes such as radiation trapping and heavy
particle collisions self-consistently for low temperature
regime. Sensitivities of line spectra and particle densities to
used AM data and plasma parameters are investigated.

v' Charge exchanges such as H*™ +H, » H+ HJ etc. will be
considered in the CRM for H.

v CRM for H taking into account for molecular vibrational
states will be performed.



Summary and outlook

® S/XB ratio for sputtering yield of W

v ' S/XB ratios for W I were spectroscopically measured in
KPBIF and compared with model calculations using
EII/EIE and radiative transition data.

v New atomic data by metastable resolved BEB cross
section for EIl and BE scaled PWB cross section for EIE
combined with MCDF calculation will be used for the
S/XB calculation.
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