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‘o: |PP Ckcompass Basics of the classical plasma sheath

Assumptions [1] R. Chodura, Phys. Fluids (1982)

* Plasma sheath is collisionless® What can change for the collisional sheath?

T :mncs r, =T, exp(—eA¢/Te) eAp~T, In(\/mi /me47z/M”)

qt — qt,plasma + qt,recomb. + qt,neutrals + qt,rad. qt,plasma ytT F qt,recomb_ — Rr,

Surface recombination — .
qt,plasma = qSE,pIasma T A¢‘J 7 qSE,pIasma energy R=13.6+ Rmolecular (3 : 59\/)
J 2
Vi Ve =Use 11T, Vi ® 2-0[1—J—j 2.5+eAg /T, + M,
= I,sat
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‘o: |PP Ckcompass Sheath collisionality

* ei

Vei ™ = -
Q.sindg
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10° L lon de-magnetization
4 | 2 | Electron-ion
2 3 ] collisional sheath
* _ =
Vei = 1 2 A 3 | CX collisional sheath
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Profiles of Mach number

| , . , 21 m-3
5 M —COMPASS | For nge > 10 m
I | —COMPASS-U

—ITER

» How can these results be

__________________________________________________________________________________ explained?
» How should the SE be
— defined?

» Do other sheath

0 | | | [ , | | . ] parameters also change?

0 2 4 6 8 10 12 14 16 18 20

X/pi
_ All simulations discussed in this work
Divertor surface were performed via PIC MC code BIT1
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PIC model: BIT1

Inner Plasma and heat source « Outer
divertor .

D recycling e, D Impurity seeding

W sputtering i
/
Outer wall | t

v' 1D3V nonlinear transport of plasma, impurity and neutral particles

v’ Atomic processes: exact cross-sections and rate coefficients;
DCSM model — millions of transition channels (no-coronal model).
Nonlinear operators conserving particles, momentum and energy.

v' Energy and angular dependent PSI processes
v' More than 10° time steps per run
v' Validated at JET, TCV, ASDEX, COMPASS (e.g. [1-4])
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Why subsonic?

Diffusive sheath? [ =nV, + . ? Collisional sheath!
[D. Tskhakaya, PSI 2018] [D. Tskhakaya, 47t EPS, 2021]
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‘o: |PP Ckcompass Re-definition of the sheath edge

Classical sheath 2 — —
. |\/|” _1 _M”, JET
—IVIX/sin((—)), JET
« Plasma (1D) is magnetized when 15 _M”, ITER
v M ) —MX/sin(e), ITER
I sin(9) | e e
Collisional sheath (proposal) 0.5

We define the magnetic sheath
entrance (SE) as a point nearest to
the wall surface, where ions are 0—
still magnetized 10

¥ v - 1 I
Sheath 10 X/ P;
entrance
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fo: |PP  C:compass Analytic model of the collisional sheath

Particle and momentum conservation equations

vnV =0, [VInT]<<|VInn]|, ‘§7ﬂ~

v (T, <10eV) B /9

z-col !

—_— —>  —

MVVV =eE +eV xB-TVn/n-mu,, (V-V")-mp,J /en

eE, =-T.0,n/n 5 >

Classical model
%9 5 = "
(1+vZ)I M7 =1)oM, = v A+V;B 0, >0 = (1/M?-1)=0
Generalized model 5 ~1
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C:covpass  Apalytic model of the collisional sheath (i)

— Original
0.9F — Simplified|
Ui v The boundary value of the
AT i Mach number decreases
B rapidly  with increasing
= 05 ] collisionality
0.4 i
0.3l | v The simplified expression of
53l | the Mach number well-
0'1 reproduces the original one
% 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
V.
el
- M. =1 249 —E(5Sin2(9)v* +v*)x
If we neglect nonlinear terms | =T X =N T X = 5 cx T Vei ) Ase
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‘o: |PP Ckcompass Sheath parameters (from PIC model)

COMPASS COMPASS-U JET ITER Classical
ID/ OD ID/ OD ID/ OD ID/ OD

2.0x103/5x10°> 0.094/0.026 5.5x103/2.2x10° 0.28/0.22

eA(I)/Te 7.21/1.94 1.83/2.92 3.25/3.63 2.33/2.31 2.8
|\/||| 1.0 0.40/0.49 1.0 0.30/0.37 1.0
E. 15.0/ 6.05 2.67/4.69 8.27/10.2 3.50/3.58 6.3
Yol 11.7/13.2 4.8417.63 19.8/19.0 490/5.0 8.3

Oigy)! FT. 7y =20+E,

. E. =

@ Collision effects

J=0, T,=T. <« assumptions
Vi

@ Super-thermal particle effects v 1O sinG
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‘o: |PP  (Ccompass PIC results vs classical model

Super-thermal electrons?

I S EI ..... =2.5 +AW‘|‘M”2 ..................... _________________________________ . ______________ i —

I O e _________________________________ __________________________________ _______________ il Aw _ e-?—(p N A()yo B In (M”)

e

v" The sheath potential drop is
lower than the classical value
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v" Energy of ions absorbed at the

1] Tskhakaya, PPCF, 2017 surface is lower than the classical one
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PIC results vs classical model (i)

oM v Mach number is independent of
I the current to the wall

0.21f

This appears to be inconsistent
0 2t ! with the effects of electron—ion
friction in a collisional sheath.

06 04 -olellc') 02 04 06 Ry =—-mu,J

|.sat

0.19

Collisional sheath simulations for different current regimes
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C%COMPASS Explanation of results: potential drop

Electron velocity distribution at the sheath entrance
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o: IPP  C:comeass Explanation of results:

low energy of absorbed ions

Ei — <qi’wa” >/ FiTi ~2.5+ AWsheath + MI|2 — 5Esheath «— Losses inside the collisional sheath

/ 0

10 ¢

A <Aw.=~2.8 | I | |
Wsheath l//O i ITER
o~ Al
_ e 10 ¢
Three reasons for energy reduction =S =
=, | JET
v M <1 % 10 3
Q) L
o Z
v Reduced acceleration in the sheath a i
o COMPASS
v Collision losses inside the sheath and 10 /
the pre-sheath [ . . .
1 2 2 [mm]3 4 5
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o: IPP  C:comeass Explanation of results:

iIndependence from the current

1F = 5 There is a “constant” shift
: —Electrons |
—D" | between the electron and the
— Maxw. :
0.1: . ion VDFs at the sheath edge
> | i
q_ - .
0.01¢ E R Z—mU-(VI— €
| N ei (VI TV
1 ei i
0.001 Ry m=mugVy =mugl, . /e
' -4 -3 -2 -1 0 1 2 3 4
V”/VT
Electron and ion (D*) normalized DFs at the sheath edge Electron-ion friction at the sheath edge

(PIC simulation of ITER SOL) is independent of the current regime

[D. Tskhakaya, PET 9, 2003]

D. Tskhakaya TSVV-C 1-3.6.2026,

Garching



C%COMPASS Distribution functions of absorbed ions (DY)

—COMPASS Al - | N | - |-compaAss
—JET ] —JET
—ITER —=|TER

0 : ! 4 : B i . ; P aae o WL
0 10 20 30 @4(E°] 50 60 70 80 . 00 1 01 E/Tl 1 02
v' ADFs flatten with increasing collisionality v EDFs: non-Maxwellian super-thermal ions
disappear in the collisional sheath.
: a>1
Phytstlcgl eld }/(E, 9) ~E / 9 v' Peaking values of D* ion EDF absorbed at
sputiering yields Sm( ) the ITER divertor surface: E; oo ~ 2.5 T,
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C% COMPASS Conclusions

» In high-density discharges in next-generation fusion devices, the divertor plasma sheath will operates in
a collisional regime, where its parameters differ significantly from those of the classical sheath.

» The plasma flow remains subsonic. The parallel Mach number at the sheath edge (SE) is independent of the
current regime and, under ITER-relevant conditions, satisfies M, < 0.4. Good agreement is observed between

the PIC results and the new analytical model. * *
I\/|”:1+;(—\/;(2+2;( X = Avex+ By

> Sheath potential drop is below the classical value (~3T,); for ITER - Ay = 2.3 (1=0)

» Plasma and ion divertor heat loads are significantly lower than the classical ones. For ITER-relevant
conditions the divertor power loads are up to 2 times lower than the classical values.

» Angular DFs of absorbed ions are flat.

» Take-home message for ITER SOL modellers: use updated values for M, (~0.4), ¥, = 5 and flat angular
distribution functions of absorbed ions

» Other results not discussed above - modified impurity and neutral particle exhaust, exotic IV characteristic
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