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Growing interest for studying the impact of partially ionized high-Z
atoms on fast electron dynamics in magnetized plasmas
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« Passive source : plasma-wall interaction
Tungsten-based plasma-facing components to reduce tritium retention
o Metallic objects like rf antennas in contact with the scrape-off layer
(Copper, Iron,...)

* Active source : massive gas injection of Argon or Neon to mitigate the
formation of a runaway electron beam after a major disruption.

[T WA FEC Comranc 2021 "

Impact of partially ionized atoms on fast
electron dynamics and bremsstrahlung

* Atomic physics : s
istbuton of onizaton sates (OpenADAS)
Simple models (Thomas-Fermi, Yukawa)
Exact models (OFT calculations)
Form factor F(q) for any ionized state of any

L] relevant high-Z atom in plasma physic (Ar, Ne,
N e CurFo e the Bar approumation
WA\
S . Plasma physice :olasicscatr

= Tercted Elecron o Z —Z~F(q) (atomic physm o factor )

Aomic Bachons o Coulomb logarithm InA(p.us)

Consistent description of screening  * Plasma physics : Inelastic scattering
effects for electron-ion scattering o o1 bmssisihng: 2~ 2~ Fa)
and o+ LN,

approximation < o exciaton: hewsiE.
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C22  Extended work of atomic physics in hot plasmas ~ Jfin

* Generalize screening effects to partially ionized high-Z atoms
in hot plasmas (Copper, Iron, Tungsten,...)

* Calculate a Fokker-Planck collision operator (elastic +
inelastic terms) in presence of partially ionized high-Z atoms.
with screening effects for LUKE code.

* Consider screening effects for the quantum relativistic
bremsstrahlung cross-section differential in photon energy
and angle in R5-X2 code.
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cea Elastic scattering by partially ionized atoms defim

* Weak perturbation theory (Fermi's Golden rules) for the transition probabilty
2 Vimd

@ =l ook

= 1% Born approximation (plane wave functions for the scattered free electron)
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& expiki-1) n

= exp (ki n)
L 4
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(118 = 5 [ ew(cia-em irag
Pup = ik e"’ q
Transferred momentum : q = py ~ p: = 2psin(6/2) P
Pr— POp— -
cea Elastic scattering by partially ionized atoms ~ J=fin

* Perturbed Hamiltonian : 1 = eUz, + Uy,
= Bare nucleus potential : Uz, -

* Bound electrons potential : V2Uy, = ~pz, ¢/t0

w1
Gl sy (4= Fz. (@)
wla
Fourier ransform
Atomic form factor : kz.. (@) = [ exp(-ia-x/1)pz. e of the
‘electron density
do [ 3
Rutherford scattering cross-section = o~ (Z, - Fz,. (q)) P=p/(mec)
iprorpasl @ gt 02) )

L Pitch-angle scattering in Fokker-Planck collision operator
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Inelastic scatteri

g by partially ionized atoms
bremstrahlung
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Atomic physics drfm Plasma physics : elastic scattering

Calculation of the bound electron density averaged over solid angle (form factor)
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« Approximate models : Thomas-Fermi or Yukawa simplified atomic models.

« Exact models : numerical quantum calculations based on Density Functional Theory
OFT), for high-Z e

second order
orbital.rlatvstc corelation basic se.
m? _ 2,6
Vil theorem -
2 " drer »
Quantum uncertinty principle : o = h/r

f-az <1

Ne (10): 0.07, Ar (18) : 0.131, Cu (29): 0212, W (74) : 054
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cea Atomic physics: Thomas-Fermi model Jrfim

= Poisson's equation:  V* (uz.. ~ Vz.. (1)) = 4xc*pz, . (r)

+ Energy variationalprincipe - pz,. (1) = (3Cun)  (hzs. ~Vau. ()"

g
= 20000,
S 2
. . i - = W) Xe=r/b]
ThomsFermi equation: 1 = &~ L)
s
« Normalized Thomas-Fermi neutral atom radius ag : b, = I[g;]
. lon(N,<2): S(X0u) =0 X0ud (o) = 1= NofZ]  Xo =0/ (bso)

+ Form acor (rumerialtograton): £z, ()= [ pae. ) " s (1)

4= 2psin(0/2) /a = g/a

Atomic physics: Thomas-Fermi-Kirillov model  J#fin
« Ao 3 , 1675)
FIFK (€)= @b, Used for runaway
‘electron physics

- Twolimits: Exos €1 — FEIK(&)= ek () =

()

Ve K =21 o

&xoa>1 — FEN(@E)=2,

* Approximate neutral atom radius

S

¥ Popssonstt

CR22  Atomic physics: Yukawa (Tseng-Pratt) model

+ Yukawa type model:  AreorUz,., = Zos + (Zu— Zou)exp(~Az,,r) +-

is considered as the neutral atom radius

« By definition,

Thomas-Fermi: N[F = Z}/%5" aF = 1132}/%3"
o Botto (fit of Hartree-Fock-Slater (HFS) potentials) : \Z, ~ 0.920*%a;"

« Partially ionized atoms

— BestZy,
o DB /R = fZoa/Z) with (& —“f—x)l. Compared 1o OFT
1= 2, (1/3 - 00020 x Z,)
* Bound electron density: pz,,, = 4 (2 — Zo.e) exp (~Az,..7)

« Formfactor: FI’ (4)=

@) aff =ufl o 0, = (o.00)
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cea Atomic physics : bound electrons density defin

Thomas-Fermi

Do b v e v i s o s

Density Functional Theory (DFT)
(Gaussian code, 36 h, 12 cores, 4 GHz)

R \\\\\\\\\\y\\\\\\\\\u

Yukawa (HFS)
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cea Atomic physics : the form factor F(q) drfim
F exp(ia-t/h) pz. dr -
Form factor for A
N.
Fron@=
% O = S az, ) .
2)
Zoa

az,. =%z, /a

« Thomas-Fermi model
S S SO
way

* Yukawa-type model
— hot plasma, > 1006V (RF 0.
current drive)
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* Modified Rosenbluth potentials by screening effect

A= [Enunexp [a0lfsue = (op),

1 do. 1 -
D,= 2/4 ,,,/_(:,x,p,)/m Towopip = g {SpopT),

2

do 2
aptin (6/2)

+ Rutherford scattering cross-section: 5 = (@ @)°

Screening effect

/
_— .
& 4 »/ 2, - Fz, 2,10 lgz,
[.52- [, 120 3104 {oze. )

Fully screening fon ~ F5,(q) = N

Fokker-Planck collision operator wi
cea s

R e Irfin
partially ionized atoms e

2.

:
Fokker-Planck screening function — / 20, @ % = 72,10 A0 + 92, ()]
i z

' 2 dz|
0. 0= [ (1% Fa. @ - 23.) %
hich roduces o

ba. =2 (\n(l (z,.)") ‘i(w):‘)")

for simplified atomic models with n = 3/2 for Thomas-Fermi-Kirilov model or n = 2 for
Yukawa (Tseng-Pratt) model. Condition of validity aways fulfled:

p< Asfaz,,

Fokker-Planck collision operator with I
partially ionized atoms &

cea

Exact DFT calculations with N,

Zos
2. () = (22 = 23,) (I 29/a) + st — 1) + 22 Nol 2, + N2 (; I z~,)

ha, 2o, () Inrdry

i
N

o, = 3 [ o Goman [ Gy (4 a0 )~ 1 )l )

bz, + N (m = b
7tz

‘may be obtained from DFT for simplified atomic models with m = 7/6 for Thomas-Fermi-
Kirillo model or m = 1 for Yukawa (Tseng-Pratt) model. (Consistent with direct ftof the form
factor)
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Partial screening of high-Z elements
and RF current drive

Open-ADAS

= The Coulomb logarithm term predominates over the
screening term except for weakly ionized Tungsten (Zo.
<20,, < 0.3 keV. electrons lower than 50 keV)

* Partially ionized high-Z impurities may be considered as.
almost fully screened for RF current drive calculations
— standard Fokker-Planck calculations holds for RF-
driven discharge (50-500 keV. T, > 1.0 keV)

3keV
2keV
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Inelastic scattering by partially infim
cea ionized atoms : ion excitation b

T anergy los by xctatonof ks ver  dtanc ix s st e ek of an
e e B ot e
woe [ e [ B
MY

/ £
Joe @z

Madified Fokker-Planck term :  Fg® — Fy* + Fy' =

+7")

G

o mas a1
= B o1, ]
L, = V2BV
200 =

h{wz,,) /mec?
Neutral atoms : 1 (ws, ) = 10Z, eV

Hydrogenoid on : A (wz, ) = 13.62 ¢V

Al ionization states : /s (wz,,. >~pxp( o »h) ¥

Local Plasma Approximation (DFT or TF) — Iz, ,

LH current drive efficiency

T =S11key

| LUKE [ T

Viin= 8%,
Vimac= T

N

Scroening offects are decreasing when plasma temperature is increased. Very
‘small impact of scroening effects for partially ionized high-Z impur rLH

current drive, confirmed by simulation of WEST LH discharges. Fully screened
ions (Open-ADAS) can be used for RF calculations.

cea Partial screening for e-i bremstrahlung defin

* Screening effects signficant when Fius/az,, 3 1 where s = 2 (max. impact parameter)
108

* Equivalent to Bethe estimate (using Thomas-Fermi model) 7

cea Partial screening for e-i bremstrahlung defin

‘Three methods (matlab script for R6-X2 code) for integrating the five differential
bremsstrahlung cross-section (1BS Koch& Motz formula) on the scatered
s to obtain 2BN formula effects

mn..m

(%) - Fa @) o Zm

7 4 58+ K2 — 2l cos  + 2pk cos ) — 25 (cos O cos + sin iy cos 6)

= Integration of full 5-D blocks (k.8.p.0.¢) — (k.) : arbitrary form factor, fast but very
iemory demanding.

= Integration of full 4-D blocks (k.8,,p,) + o0p for @ integration : arbitrary form factor,
slow but accurate

= Integration of full 4-D blocks (k.8,p.6) : analytical integration in azimuthal angle @,
Tseng-Pratt-Botto form factor only, fast and accurate (12 complex infegrals to evaluate
analytically) — Table of Lagendre polynomials cross-section for each element and
ionization state with electron Kinetic energy interpolation in R5-X2 code.

¥ Poyssan ot AEAFEC Canlornca 2021 2

nfin

d

cea Partial screening for e-i bremstrahlung

u 2=74, Tungsten

p 274, Tung
ul Photon angle: 0 deg. ul Photon ang\e % deg
. = » E=

= Screening effect reduces progressively bremsstrahlung as compared to the.
fully strippe

. Soveenmg decreases with kinetic electron energ

= Screening are large for forward emission only and atlow photo energies

cea

Puo= 4.8 MW

Large effect of partially ionized
=2 tungsten on bremsstrahiung level
s compared to the fully screened
approximation

Jjnens(@10s) = 0.45 MA
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cea Summary drfim

* Screening effects of partially ionized high-Z impurities are fully
implemented in LUKE Kinetic solver and the quantum relativistic
bremsstrahlung code R5-X2.

* These rules may be used for slide-away (RF-driven) and runaway
electrons (disruption) in very cold o hot plasmas.

* Very small impact screening of partially ionized high-Z impurities on LH
current drive efficiency confimed by WEST discharge simulations — fully
screened ion can be considered in RF calculations.

= Large effect of screening on bremsstrahlung at low photon energies —
decoupling between the current density and bremsstrahlung profiles,
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