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Core-edge-wall interaction influences tokamak confinement

quality

= Microscale turbulence = cross-field transport =
degrades the confinement unless a transport

[Ritz 1991]

® ExB velocity in DIlI-D tokamak

barrier exists 2SRRI I AL I
= lon dir. @'g - (a) 4
[Wagner1982] ; 4 e
z 2] SR
= Turbulence regulated by ExB sheared flow at LCFS g 3 , : b
o7 N T N —
- 3 : Ve 3
core E, x —  SOL E, oc ——= e I o v
en (& é P ® | ph E
3 : ® Vexp3
E, in SOL influenced by plasma-waill interaction - B : S
0.95 1 1.05
[Stangeby]
Core SOL

= Goals : 1) study of kinetic plasma wall interaction
2) implementation in GYSELA gyrokinetic code (WIP)
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\ 2 W
Plasma wall interaction results from absorbing wall and inertia

difference between ions and electrons
[Stangeby 2000, ..Ghendrih 2011 and many more]

Wall (dense, cold)

= Electrons: low inertia compared to ions sink of particles

= Positively charged layer: Debye sheath (Poisson)
"o = :f;g ~ 107m (hot, IIDCI;\]/\'/Sg]ec‘nsity)
= Main properties of sheath: ¢ 4
Repels slow electrons Accelerates ions Aqbsh
= In avg. no net current at wall [Bohm1949] v

= 1p < p. turbulent scale - sheath difficult to
describe in turbulence code, GK quasineutrality =
Poisson eq. (no Il Laplacian)

Debye Sheath
(few 2p)

@ Yann Munschy — EFTC 2023 9/28/2023 3/2]
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Simplified 1D geometry: single magnetic field line, no curvature

open field lines Particle transport
core - edge

Particle source
quasineutral plasma

Core ~107°m ~10m
™~
(closed field B "y
surfaces) 5 | : / Wall _
\
7
plasma-wall interaction
(sheath)

Divertor
@ (plasma-wall interaction) o/28/2023 5/21



1D fluid model to describe plasma along a magnetic field line

™~
Particle source S, \\ x : position along

/

: Wall : B > Wall : magnetic field line
\\ Energy source  S¢ \Q a € {e, i} ions and electrons
Density 1, particle flux 1, momentum flux 11, = n, 71, + manaui
Conservation of density Conservation of energy
6tna + V. I'y = 5, maatHa/Q + vala — _earJFarvaG5 =+ SS
Conservation of momentum £ ‘ 3 1
nergy Qa pu— ua, ("énaTa + é’mana,ug) + Qgeat
MmOy + VI, = —eng Vo flux
+00
1 ’ !
Heat flux Qgeat _ dv =g (v — ua)3 f, Closure requwed..
. 9 (zero for a maxwellian)

@ Yann Munschy — EFTC 2023 9/28/2023 6/2]



Particle flux governed by the source

Total pressure constant in quasineutral limit Source term shape

NN
Steady state eq. AR
~~
VIl = —e(n; —n, )V, Ly
—{T..
[=T.=TI, 1 =11, + 11,
Total pressure
= Quasineutral limit: 1; — ne ~ 0
T
II = constant ' = / ds S,
0
= Rqg: II =~ cte. atsheath entrance og—
@ Yann Munschy — EFTC 2023 ZCW 7I2]



Quasineutral plasma flow is necessarily subsonic

A4v/m; T, T 81+ MM
3+ (n; —n)T.) (14 3M?)

= Control parameter A =

Constant / 5
(quasineutral plasma) A
4 —
. A 1S maximum after
T _/ ds S 2 source region 3 —
0 A increases M
2 —

A increases wit "

Mach number M = u;/cs <1 in quasineutral
- plasma

Cy = \/3T /mi from Maxwellian closure

@ Yann Munschy — EFTC 2023




Supersonic transition driven by quasineutrality breakdown

4/mT, T /81 + MM

A= 5

3( + (n; — ne)T,) (1+ 3M2)

= Outside source region [' = constant 4 -
A decreases with
= At the sheath entrance n; — n. > 0 3 — quasineutrality
breakdown
M Y

= 0,11 <0, {(n. —n;) T.} 5 > 1

Decrease of A driven by quasineutrality

breakdown L :4 ______
= Scale separation sheath size << plasma size 0 T— | |
- M > 1 insheath
0.0 0.5 1.0
A

@ Yann Munschy — EFTC 2023 9/28/2023 9/2]



Sound speed critically depends on the chosen closure

= M =1 Atsheath entrance M = u;/cs Cs closure-dependent!
. Similar expression for A
= Isothermal closure T, = cst ce =1 /mi —>
A= 2\/-3133-T0£ = 2
T 1+ A2
[Ghendrih2011]

Maxwellian closure QM =0 ce = /3T /m;

= Polytropic closure {2’ — -},Ji’ — () Coe = \/ Yp P/ 1in
AT 1/(£—1)
° . _ AN . B .
= High order linear closure Ne =0 Cs = (( - 1) with N, = /(11' (v —u)'f

@ Yann Munschy — EFTC 2023 9/28/2023 IIOI2'I
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Boltzmann-Poisson system 1D in space and 1D in velocity to study
kinetic plasma wall interaction

. Electrons & ions
Normalized Boltzmann eq. distribution function fa(z, 04, 1)
atfa + V Aa (Uaa:r:fa T Zafaﬂcﬁb avafa) — C(fa) -+ S(fa,) . Me

mass ratio Ay =
Mg,
Normalized Poisson eq. +oo
: p= 3 Zaa | m= [ vt
ngb =P species —00
=  Normalizations:

. g0l g0l : 1y

t co = AD, = elocit — 4/ —

Ime Wye, 102 length Ap, o2 % ity wvg, -

@ Yann Munschy — EFTC 2023 9/28/2023 I|2I2'|



Single species collisions — Fokker-Planck operator
Inter species collisions — fluid-like momentum/energy exchange

Dfa/Dt — S(fa) + C(fa) — Cintra,(fu,) + Cinter(fu) [ Dif-Pradalier2011, Estéve 2015]

Intra species Fokker-Planck collision operator
fa Collisionality decreases

3
Cintra(fa) — au [D’UfMa’U (f_M):| Dv X 1/U with velocity

Inter species collision operator

2Qab mg
Cintcr(fa) — N T |:2T

1

(v, — ua)z — 5} Fiar +

Rab
naTa

(’Ua — ua_) Fﬁ,f

Quw Rap Momentum & energy exchange terms

@ Yann Munschy — EFTC 2023 9/28/2023 ]3/2]



Wall = particle, momentum, energy sink immersed in plasma

Dfa/Dt =C(fa) + S(fa) —= Saeclfa) + Snc(fo)

1 M, =1 Source M, =1 = Relaxation of f, towards g in the wall
Wall Wall Ssink(fa) = —vMw(2) (fo = 9)
"I' “\ MW — 0
__________ 7 S o 2
0 \ v ne ~ 1077 <« 1
Simulation box / g(v) = w_ 2T,
edges V27T, Iy < T
= Particles, momentum energy absorption in = No boundary condition @ plasma-wall
wall transition
= Wall immersed inside simulation domain = Decorrelate sheath physics from numerical BC

@ Yann Munschy - EFTC 2023 9/28/2023 ]4/2]



N W
Expected kinetic physics: ion accelerated towards the wall
slow electrons reflected back to plasma

= Acceleration of ions = Reflection of slow electrons

0 RN ? \§
LR et i NS

3 NN
§ reflecstlgc\z/lv ire1 lpe)lcggcr):g ? §

Sheath entrance Sheath entrance

All ions
absorbed in wall

2e |A¢sh|

= Cut-off velocity between fast and slow electrons v, = \/
Me

= Steady stateatwall: [, =T,
@ Yann Munschy — EFTC 2023 9/28/2023 II 5/2]



lon distribution function at sheath entrance:

acceleration & no ions coming back from the wall

Competition between
particle source & collisions

= Prediction for f; - Simulation f;
]
1071 fl pred. 100
1073
;.Olo 5_| 10—1_
TI—? ................
10774 % X
S 1072
107° T T
-1 0 1 2
. . 1073~
= Positive mean velocity
(Bohm criterion ?)
: : _ 7
= No ions coming back 107 | | |
-1 0 1 2 3 4
from wall y
Collisions

@ Yann Munschy — EFTC 2023 9/28/2023 lI 6/2]



Electron distribution function at sheath entrance:

slow electrons reflected into plasma, fast ones absorbed \/26 Adw
sh
Ve = {| —
- Prediction for [, = Simulation f, e
] reflected
1071 109—
,_IE_'O]-O_ — 10_1_ | i fe IOSt
€ o —_ , ! electrons
T “N.
10-7] ISO 10_2_ : |
—v, | i . Source
1079 I = - | | ., term
-1 ‘ 0 ,v 1 2 10-3—
reflected
electrons 10-4 | | | -
lost \ 0 1 2 3 4
electrons v
Finite strength of penalization
@ Yann Munschy — EFTC 2023 & CO”iSiOnSg p 9/28/2023 ]7/2]



A parameter constant after source region
— fluid theory suggests subsonic regime

|

= Maxwellian
closure

II = constant

I‘/ ds S,
0

1.0 —

0.5 —

&

/T,

Particle

source

0.0

0

@ Yann Munschy — EFTC 2023
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Limit of fluid theory : Mach number cannot only depend on A

////¢§§

' N
e *-% i
10  Aiyninmsp sy b st opd \ 1.5 !
\\ g
|
\ A
S : s
N = ©1.04 N —
v 93 2 : Uu; N
| \ ; 3> T \ ; \
0.5 \ \ | e \
\ N E—— —_—" N

A

0.5 e

/Particle

Particle /
source //  source
0.0 I I I

I I I 0 50 100 150 2
0 50 100 150 x=5/An

4m I, T /8(1+M*)M M = ui/c, cs = /3T /m;
3(IT+ (n; — ne)T,) % (14 3M?)
M increases

From closure with constant A Incompatible with fluid theory

@ Yann Munschy — EFTC 2023 19/2]
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Non vanishing electron heat flux: Q"<** ~ Q, /2

Energy flux = convective + heat

1.0 —

0.8 —

0.6 —

Q/ Qg

0.4 —

0.2 —

0.0

Y

Qe"’Qi

convective

30% of

7 totall

heat
tot d energy flux
~v-v
| | | |
50 100 150 200

tht 7& 0  Maxwellian closure irrelevant

@ Yann Munschy — EFTC 2023

Electrons
0.6 —
(e
o
< 04—+
of convective
—0-(}
0.2 — v
50% of electron Qheat
energy flux e
0.0 | | | |
0 50 100 150 200
x=5/MAp

No known closure leads to
correct prediction of heat flux

9/28/2023 20/2]



Conclusion

= Comparison of kinetic simulation of plasma-wall interaction with fluid theory

= Trajectories of particles in plasma highlight kinetic sheath physics at play :

©)

©)

Acceleration of ions, reflection of slow electrons
Collisions

= Reduced fluid model fails to predict plasma behavior:

©)

@)

©)

Sound speed critically depends on closure : Bohm's criterion is unoperational
Vanishing heat flux closure not relevant

Validity of other closures can be questioned : isothermal, zero collisional flux, high order
moments...

Sheath heat transmission factor in good agreement with predictions (6% difference)

boundary conditions



Sheath heat transmission factor: good agreement with predictions

* I'and 7T, measured experimentally
(Langmuir probes)

Q =17,

7Y gives an estimation of deposited
power on divertor plates

= Usualvalue 7Y = "/iisgth' + Yo & T.5.

= Good agreement with kinetic code

Yeode ~ 7.9

@ Yann Munschy — EFTC 2023

S :

!

Y

_________ . W
: Y pred.

I

o

I

Sheath
entrance wall
06— | | | |
-3 -2 -1 0
X —Xw [Ap, ]
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N W
Scale separation = supersonic transition at sheath entrance

~10m > =10um

" Scale separation  quasineutral NN Quasineutral \\\\\
I N Wau\: —> plasma N Walt
asma
0 e Xy X 0 . oo z
sheat Sheath horizon
h atz =x/A, » +o0
= Expansion in powers of
1/z .
- Adiabatic electrons, = n,e? ? Goo Moo :taken at sheath horizon z —
+ oo
= Poisson equatior n; = N, (1 + F (¢ — ¢o) — A0)
I
_ 1
F(qﬁ_qboo)zegb ¢OQ_1:Z—KA£+ K>0

Supersonic transition at sheath
horizon

and matetiom- 1o ce = /3T /my Bohm's criterion
Yann Munschy — EFTC 2023 GhendrihQOH, MUHSCh 2023 9/28/2023
Y

= V22> 0 I(z) =1l gives M, =1




Robust physics with respect to the choice of the penalization

term

1. Constant coefficients : conducting wall

Charge conservation from Boltzmann eaq.

0tp + Oxjror = —Muw {Viw(nj — ny)
_Vew(ne - nw)}

je +ji

2. Adaptive coefficients : insulating wall

Vjw = constant

« Robust physics : almost identical potential drop in the sheath in
both cases : focus on the conducting case in the following

@ Yann Munschy — EFTC 2023

— currents in

Rhs. vanishing

Vew(x' t) = Viw _ .
Ne —NMw 5 Nno net current in wall

0.0+

—0.11

g ]

— —0.21

Jtot

—0.31

—0.41

0.51

0.4

Jtot conducting
insulating

___________________

p conducting
insulating

1.00

0.00



Distribution functions at sheath entrance

Sheath entrance

l

SOL NS
; wall
A¢Sh I m
:Sheoth

Electron reemission from the
wall
» finite strength of

penalization — 107"

& collisions

sink = _Mwywa (fa _ gW)

@ Yann Munschy — EFTC 2023

Escaping velocity:  Bulk electrons Fast electrons

2e|Ady | reflected into absorbed in the
Ve = [T the plasma wall
-/

Shape resembles sum
of two Maxwellian with
different temperatures :
collisions vs. injection of
particles by the source

9/28/2023 25



Sheath entrance definition

sheath ~ exp(s / (0.4 kDD))—L-i»
| |
SOL~ exp(s / (21 2y )

1

L | ==
1007~ g
i) T
10 - o
Xp.
3
e 10 1
4
g | i
5
10
-
10 |
150 160

@ Yann Munschy — EFTC 2023

1 n

170 180 190 200
X=S / }LD

9/28/2023
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Collisions = detrapping mechanism trapped and passing

Passing electrons

= Phase space characteristics for electrons in the
whole plasma

= Particle source fraction injected in passing region
: 1% for a typical value of sheath potential drop

=  Without collisions trapped particles stay trapped
while passing are absorbed in the wall

= Collisions : necessary transfer mechanism
between trapped and passing, and necessary
condition to reach steady state (the particle
source must be compensated by the sink in the
wall region)

@ Yann Munschy — EFTC 2023

Trapped
electr;ons

wall

-1.0 -0.5 0.0 0.5 1.0
o
Center of
plqsma 9/28/2023
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d

Using Stangeby’s prediction of the sheath potential drop to
explain parametric dependencies

Sheath entrance Escaping velocity:

l 2e|A
I ‘UC = el ¢Sh| 10—1_
SOL | .
| Wall T
Absn | | ¢ e
'Sheath £ s
Potential drop prediction 107
TSh m Tsh .
pred. _ ‘e e i 109
Apy, = - log (\/271 m M?2 <1 + T§h>> -1
_> Comes from I'Sh =| pFpred No flux [+ pred
1 : (symmetry) =

+ oo

+ pred | — sh, pred. . h d. .

rhpred) = j dv vf, With £, P*°% truncated maxwellian of temperature TSD
VUc

@ Yann Munschy — EFTC 2023 9/28/2023




Correction terms for the potential drop prediction

Potential drop prediction [Stangeby|

Tsh m Tsh 10~ 1- i =
AP = S Jog| [2r—=m2( 1+ | I'e
P e ° mj TSh :
1078
Correction term 1: T@é’ o
e electron reemission from the wall due to finite g . . |
penalization strength 10 :
_vc :
]"iSh = Fe++ [e < Fe+ [ |= f dv UfeSh 10 7- i
- ‘ g
Correction term 2: 107° ! 5 1
* Effective temperature to match forward flux to v
predicted Maxwellian flux
d e e
I‘e+ Pred = j dv v maxw. (TSP = | I | —— dv v maxw. (Tzh) = |
Ve Ve

e

. o e pred Tih me TSh l_‘e_
Corrected potential drop prediction | A¢,, = log| [2m—M?(1+4+ = 1+

i
Yann Munschy — EFTC 2023

/282023




lons trajectories in phase space: acceleration & gap

10° 1071

% Yann Murﬂi‘gﬁ — EFTC 2023

e

Lw

102

fi

= kineticenergy K = H, —e,¢

= No collisions - Hamiltonian

invariant

Acceleration
creates gap

(Filled by collisions in 1D,
Electric field as well in higher
dimensions)

K sign(v)

Debye sheath
entrance

¢oo_(|)

9/28/2023
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N W/
Fast electrons overcome the sheath potential barrier

10'7J o 101 102 = kineticenergy K =H,6 + €a®

v = No collisions - Hamiltonian
invariant

\ fast electrons — | \\
(absorbed in wall) \

— © L
™ Trapped electrons / Iy
(reflectedinthe  — | [

—_
—

J \
sign(v)

Wall

5 F F 5 s

-

J \

— -
-—
"
-
-
-

plasma) T

| ——

-—
-
— -
-
——

4

|
1
1
i
\
1
\
\
v
| |
b
\
\
\
\
\
1
1
\
1
//

-
-_——
—
-__._,..-
—
——

Empty phase space |

region 0
(I)oo i (I)
Debye
i sheath 0/28/2023 31
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lon-to-electron mass ratio dependency recovered

d
pred. _ T&" Teh o\ [me “pred. _ €APgn
ApG"" = —log| |2mM?( 1+ 1+E —)  — | Ay, 5
e

m;

—log(0) = 11 <me>
= 0 =—=lo
Teh g g m;
\ J
Y
Q)
Relation A¢j, X log( ) verified

Electron reemission from the wall explains the

ul Wall with currents / without currents
: —2.0+ 1
1
difference observed between theory and \
simulation )-SR { Lt N E et CEE LS
_ =
. = dvvfS" (v R 0 D R \ | N P
j_ ) fe' () ~_| ~ 3.0 —
<
1<
— 3.5 .
prediction
—4.01 /[ TT—=S===..___
e Electron reemission : finite steepness of penalization Aggpcorrected for Iy
mask & absorption of electrons in wall not perfect 0 1000 2000
@ Yann Munschy — EFTC 2023

3000

m; /me
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Electron temperature dependency Ag;, « TS" recovered

sh

d.
Aqbf}fe = eTlog

T_Sh
(1 " Tlsh> <
e

m
\/Zn—eMZ
m;

r-
1+—
FiSh

)

|

A

Linear relation A, < TS" recovered
* The faster the electrons, the greater the potential drop

Correction 2 : T3P

Correction 1:
I'e

—

@ Yann Munschy — EFTC 2023

0.301

0.251

0.20

0.151

0.101

0.051

pred.
D> 6A¢sh =Tsh
A e
X ’
eA¢Sh/A &
I. corrected X 7
o
7’
X ot
X .-»'./
A
X “/ prediction
X - gl
X 1 \
,/
x o  eAgp /A
y TS" corrected
”
0.05 0.10 0.15 0.20 0.25 0.30
" [Ty
9/28/2023
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Existing solution for including sheath physics in GK codes

» Logical sheath

» At a point of the simulation / plasma boundary

e Count the number of ions going out of the plasma
e Absorb an equal number of the fastest electrons

* Reflect the other electrons back into the plasma

- Equality of ion and electron fluxes at plasma boundary

- Equality of fluxes defines the electron threshold
velocity

[ dvoreyLy/2om= [ dvosiey Ly/2o.m).
J0O U

UL

t+ At 4
N, electrons ;
plasma boundary eN_ ions p(Ly/2,t + At) 2
not resolved : 3\ =Ni—N.>0
--------- s eI et 1 7 1
quasineutral
plasma L 2. 1

Yann Munschy — EFTC 2023 t Ne — . owest

' electrons

» Conducting sheath

» define electron threshold velocity is defined with
the electric potential

1

2 _
2 Mmeve = e(l)boundary

Absorb all outcoming ions, and electrons faster
than v,

* No direct constraint on electron and ion fluxes

Idea : the potential at plasma boundary reacts to
the current

9/28/2023 34



1D1V code parallelized on GPU with non equidistant grid points

to mesh Debye length

= Backward semi Lagrangian scheme for
Boltzmann eq.
[Bourne2022]
= Cubic spline interpolation on non equidistant
mesh
o Test bench for C++ version of GYSELA (5D
gyrokinetic code)
GPU parallelization

1 simulation: ~20h on NVIDIA Tesla V100 (5120
CUDA cores)

@ Yann Munschy — EFTC 2023

Grid points

|

10 points pekp,

1 points pekp,

9/28/2023
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Collisions

1

. fa a
Intra species: Cq, (fo) = Oy, [vaMaava (m)] ; fma = \/#Maexp {ZTMa (Vg — uMa)Z}
[Dif-Pradalier2011]

Conservation of density: [ dv C,,(f,) =0

Conservation of momentum: [ dv v,C,,(f,) = 0
Gives Ty (x, t) and uy, (x, t)

Conservation of energy: [ dv v,Cuq(f;) =0

: _20M mg Ra
Inter species: C,, (f,) = =22 lm—( v — V)% — —] Fpq + =22 (va V.)Fua

naTy 12T,
[Esteve2015]
M Ap .
R, = —MNngvap (ua — /A— ub> friction force (momentum transfer)
a

Ap
+Aq

Q%) 3naA Vap(Tqg — Tp) —ugR ab energy transfer

@ Yann Munschy — EFTC 2023 9/28/2023



Prediction for potential drop in the sheath region

Sheath entrance Escaping velocity:
2e|Aggp
SOL me
Wall —
=
Aqbsh I 2
=
1-15}1 . ::ihﬂ{{ .
. =N Cs.
Mev?
_ Me  97sh
fe(Tsn,v) = HU\/ e “Te ly>—y (v).
sh =" Ye
2mT3;
mev?
tee m ~ 97sh
st = dv vn®" e 21¢
o, -\ 2R

E&{.ﬁsh 9 A¢
.h 3
i sh T; . 2 .2 € sh
= nShe T¢ e v(xy ) = v(xey)” + .
2T, Me

@ Yann Munschy — EFTC 2023

ol . sh, pred.
101 5
10—3 /

i s
1077 :
07

9 ! |
10775 \ 0 | 1 l 2
|| v
No flux rtpred
e
(symmetry)
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Breakdown of electron flux at sheath entrance

1.01 10!

0.81 t10 !
—0.6] 11077 52
o =
.. =
~ 0.4 10775

0.21 L10) T

UD 1 | ln -0

0.0 0.5 1.0 1.5 2.0 2.5 3.0
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Numerical parameters for reference simulation

TABLE 1. Reference simulation parameters.

L. L e T L
TO0 406 0.2 m* 0.1

—— points density

1 4
TS 0 —— Wall mask
/<
0. I \
0 50 100 150 200 250 300 350
z [Ap, ]
[Bourne 2022]
80
60
=
= 40/
20 (: :7
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Code verification : fluid conservation equations

%107 [a.u.]
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Effect of collisions on the distribution function shape
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