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Intro

Electrons are faster to reach
the wall, forming a small,
non-neutral region

Methods

Imperfect confinement

Results
Params

= Plasma from core flows into
scrape-off layer,
where the open field lines (and
therefore trajectories) terminate at
the wall

Scrape-off = Electrons reach the wall first,
layer (SOL) . .
charging it negatively

Verification

Ongoing

X-point L.
% = Debye sheath forms of scale
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Intro

Asymptotically large plasma
structures (collisional presheath, etc.)

72\
/\\

I:V[ethods (I) ( X)

' X ~ picos(a)
Magnetic presheath

- Quasineutral
- Weak E-field compared to vxB

Results
Params

_ E \ Electrons entering with
Verification Ion orbits \ lower speeds get reflected
are deformed /[ N
Apups  Adp by VE .

;)ngoing X ~ >\D
' Debye sheath

& ne(x) - Positive space-charge layer
Conclusions ) \\\\ = StI‘OIlg E-field
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EPFL

The magnetized sheath (DS+MPS) causes

ftro difficulties for standard codes:
2 * Cannot be resolved by gyrokinetics
_ 0 As ically 1 ] * Particle-In-Cell codes expensive’
ymptotically large plasma p
Methods structures (collisional presheath, etc.) (= 10° time steps, = 10° core-hours !)
. X ~ pi cos(a) .
. H(x) Rmmeits prediesi Key insight: small scale of the magnetized
- Quasineutral Sheath
Results - Weak E-field compared to vxB
Params o = Evolves much faster than turbulent
- Electrons entering with ] ;
) Ion orbits lower speeds get reflected timescales
. . are deformed 2
Verification by VE = Solve directly for the steady-state
- X ~A = Iterative scheme
D
: Debye sheath
- - Positive space-charge layer .
] , - Strong E-field Prior art:
) nl('x) X = O . .

Ongoing Wall * Daube & Riemann®: magnetic presheath
] + cold neutral CX
B !: D. Tskhakaya, CPP 52, 490 (2012). .. . 4

2. A. Geraldini, F. I. Parra, and F. Militello, PPCF 59, 25015 (2017). e Geraldini, Parra & Militello*: scale-

*: Th. Daube and K.-U. Riemann, PoP 6, 2409 (1999). c 0
Conclusions * A. Geraldini, F. L Parra, and F. Militello, PPCF 60, 125002 (2018). S€par ated small-a gyroklnetlcs

F °: M. Abazorius, Kinetic Analysis of the Collisional Layer, PhD thesis, University of . . . .
-] :‘;;les Oxford, (2025). * Abazorius’: drift-kinetics of the
asma

Center collisional presheath
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EPrL Goal: solve the steady-state
Poisson-Vlasov system iteratively

Il\/[ethods Initial ¢ (z) and fix ni(x),ne(x),etcn.
) I

Results Density solver Do the new densities satisfy

a7, ( dé(z) ) a7, Poisson’s equation ?

Vp—— + | — 74 e +twsvxb| - —=0 .

- 9z dr o Sputtering
Verification N l no :( yes ! predictions via

|

I \ . z f(:l? . O’ U>

I ¢(x) update Potential solver /
o : $9 — xdW + (1 —x)p0™V (12@(‘,,,) — Zini(x) — fia(z) — 8@ ,' Sheath currents
( ngoing - S et dz? ' ,/ j(Q%) & other

! . o y, ,/' moment profiles

Incoming distribution = ====""=== ~~—a. \/ ¢ -

7
e

Boundary conditions Output ¢($ ) ~=-=j Studies and
scans (sheath

inversion, ...)

Conclusions function foo ('Uoo) giVCn by

B Swi e.g. a (gyro-)kinetic code . ..
P;I;I:;a & 2 (gyro?) e.g. fu(v:v,>0),75(¢0)... and densities

Center



=PrL . . o ° 4y . .
e Trajectories dep05|t den5|ty onto basis fns

Project the density onto a basis function A(x

_ d
Methods . :/ dzn(z / dzf;/dgfvf z,v)A(z)
0

2

The Vlasov equation is dz

Results i m—
Params solved via method of ¢ L
) characteristics: dv d
Verification T —T. s@eaz + wsv X b,
dfs
— 07 =
dt Uy _— Gyroring =
- . . . —, ? a pair (v),v.) over a
Ongoing and integrating over a flux tube: _ THUP  range of gyroangles
- ] q,“% B
f(z,v)dz d*v = Voop f (Too, Voo ) dt d* Voo
/
Conclusions Yy
) B . . .
o g\(:ss:]a r = /d Voo [Voo.z| foo (Vo) A(x(t; Ly, o)) 3D integral + =

Center main computational cost!



EPFL - ¢(z) is obtained by solving a modified

| Poisson equation iteratively

Methods
: Poisson’s equation: 2. Isolate the adiabatic electron contribution
: 42 X s\ Modified” Poisson’s
»2E @ @ _ 7 D — te =Zn; — (ne—|—e P) ,
Results A2 ni — Ne dz equation
Params . depend on (I)prev
: implicit dependence
A — L. ff’n (I)d — when we converge, ¢ — ¢, and recover
e —> . ’ g
- Lo (Cloiietst ixed (¢ Ppre) Poisson's equation
i — unstable !!
- o — implicit equation, solved iteratively via
) converged linearizing e?
Ongoing 50 2 g 8 8
e " — Discarding D enforces quasineutrality,
directly solving . . . .
: 100 Poisson i.e. magnetic presheath simulations
_ ()\D/pth,i — O llmlt) 4 2p+ 4 bands
Conclusions 0 100 200 300 400 @/ SN ol[i] |
. sSwiss 0 5 10 15 20 25 30 ) -1 R NN i ol O
I I I I I I L \": { *‘-f’ \\Q‘- | I ;. .I I
Plasma Potential profile after a single iteration by solving —

Center Poisson’s equation Aypliney
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EPFL

Intro <aside>

Simulation parameters

Methods v I
i 5 5
o _ U COS A v
* Inflow boundary condition marginally Jico < Tx>0 ( . ) exp (— 9 )
eeult satifies the Bohm-Chodura condition “thi “th,i
Params . .
1 * Hydrogen plasma: m;/m. = 1836 1 B Jico < M
_Vriﬁcation 1 /U’2| N Teoo
) ° CZ—Veoo:le\/,andfz—%oo/iz_éoo:l
* ¢(00)=0, and ¢(0) = ¢, fixed
. Note that asymptotic approach implies d¢(oco0) =0
Ongoing
i  Varying «, ;= pwm,;/Ap, electron model (up next !)
</aside>
Conclusions
B Swiss .
Plasma 0 5 10 15 o/ vuns

Center



cPrL

Intro

Methods

Results
Params
1

Verification

Ongoing
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<aside>

Electron models

Adiabatic (0V): electrons are Boltzmann
distributed, no net current to the wall

S——E

Parallel streaming (1V): electrons are
Boltzmann distributed, but taking into
account parallel dynamics to account for
reflection

Mo % (1 ~orf (—\/gb(az) - ¢(0))) (@)

FLR (3V): electrons are fully kinetic, finite
Larmor radius

</aside>

(x)

v| > 0: electrons entering
the sheath

v|| <O0: (reflected) electrons
leaving the sheath

Electrons with large
enough v| get
absorbed by the wall

Slow particles at the
entrance are
reflected, faster
particles slowed
down.

v 7e(x) decreases

1V kinetic electron model



cPrL

Intro

Here’s what a “typical” run looks like

Methods

e x=>5°
Results
* Gi= pui/ Ao =30
%/eriﬁ'cation ° ¢0 — _237 CZ_:300/6 (amblp()lar)

* parallel streaming electrons
Ea— * Walltime ~ 20 mins over 4 CPUs

— to animation
Conclusions
B Swiss
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anim__alpha_5deg__R_30__emodel_parstream.mp4

cPrL

Intro
: o(z)/(Tess /€)
|
0.0 + Ap
Methods
] 05
Results
f)arams 1.0
2
Verification
- —1.5 1
] —2.01
Ongoing
: Po
- {DO_Z ]_0_1 100 101 102 103
ZE/Lref
Conclusions
B Swiss
Plasma & =5° G = pmi/Ap = 30,

Center

parallel streaming electrons, ambipolar
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cPrL o o
Results: f(z,v) diagnostics

4_

Methods “Quick and dirty”: log velocities at
: given positions as you deposit density

df 3 -
Results — =) — f(CU,’U) = foo(voo)
Params dt trai =
raj ~

) =
o S 9
Verification —
1 —
_ — Acceleration in v|| in the MPS ®
| - 1
Ongoing — then in v, in the DS
) (strong E field and E'x B drift)
Conclusi 0

onciusions

B Swiss 0 1 2 3 4
Plasma =58 = pu/ho = 30, V|| [ Ve, i

Center parallel streaming electrons, ambipolar
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Results
Params

Verification
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Results:
moments

Density deposition easily
generalises to moments:

/ dt A(z(t))
= / dt h(v)A(z(t))

— Jon acceleration
+ ExBdrift in y
+ along field (|)

+ across field (x)

— Temperature
[ . ”1q
+ "Gyro-cooling
+ strong anisotropy!
. H. A. Claafien and H. Gerhauser,

Contributions to Plasma Physics 36, 381
(1996).



Verification: moments
satisfy fluid equations

— Should always satisty Vlasov’s
equation and its moments!

[v] Flux is conserved
[v] Momentum equation satisfied

() Not exact due to finite velocity integral resolution
and finite root finder tolerance

e
=Pr-L
Intro —1.21848456534 1
- 3
- = —1.21848456536
] r or,
o —1.21848456538 - 2 =0
Methods § 833
- L —1.21848456540
B —1.21848456542 -
Results 0 10~ 10° 10! 102
Params X/Ap
- ou do
Verification Ny, — =N| —T—€x +wu X b|]-V-P
) ox dx
2
- 001 — 0.0351 — T
_ o1 0.030-
Ongoing Lz
- ! 0.0201
) 0.015
. -0.31
0.010-
Conclusions 7941 . 0.005 - .
. . X Componen | y Componen
B Swiss _osLI—— | | | 0.0001 | |
Plasma 0 101 100 10! 102 0 1071 100
Center X/Ao X/Ao

Adapated from: T. Stucker, Implementation of Collisional Effects in a Kinetic Magnetized Plasma Sheath Code, Masters’

0.002 1
0.000 A WWA—
—0.002
/LHS —0.004
—0.006 -
—0.008 1
—0.010 \\ /
Mo —0.0121 z component \_
10 102 0 1071 10° 10° 102
X/Ap

thesis, Ecole Polytechnique Fédérale de Lausanne, 2026.
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Results: a and
¢: behaviour

With parallel streaming electrons,
ambipolar

— MPS scales as ; sin(a)
— Finite ¢ = pw;i/Ap effects

— Debye sheath tends to
weaken at shallow
angles/large gyroradius

0 |"| -3 +0.0

10-1 100 10t 102 103 */Ap




cPrL

007 ¢(2)/ (Tce/e)
Methods _0’5 N
—1.0 -
Results
Params
o 15 On the pu,; scale, we can demonstrate
erieation ‘ 10 the scale-separated pin;/Ap — 0o limit
' —2.0 -
_Ongoing
—2.5 - T/ Pth, i
B Swiss 0 2 4 6 ] 10
Plasma

o = 5°, parallel streaming electrons, ambipolar
Center o & o



cprL $(z)/(Teoo /€) n(z)/(Neco)

GYRAZE 2 a=10.0 s O O °
imtro e oM _ Validation: recovering
- == a=60 W ——— il

= —— Geraldini's approach

—
— for the MPS

Methods / /
) a=15 /
) a=10 e GYRAZE" is valid in the small o
and scale-separated ((; — o0) limit
Results
Params — 5 « L err
- . . * Quasineutral — “stiff” system !!
. 02 0 1 10 0= 107 10’ 1o — difficult to converge
Verification
— = =
] - = e Still, very good agreement, except
i ﬁ on total drop ¢nps(0)
oons — divergence®*: durs(0) ~In(a)
: /r\\ and’ orips(z) — Pups(0) ~ /!
] | — finite tolerance: 0.1% rel £ err
. Smaller «
Conclusions
. Swiss > better agreement 1 A. Geraldini, F. I. Parra, and F. Militello, Plasma Physics and
Controlled Fusion 60, 125002 (2018).
Plasma (') ;1 é 1'2 1I6 (') ZIL é 1'2 1I6 %: R. Chodura, The Physics of Fluids 25, 1628 (1982).

Center T/ pen.i T/ pen.i *: P. C. Stangeby, Nuclear Fusion 52, 83012 (2012).
51 ol
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Results
Params

Verification

Ongoing
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Ongoing: FLR electrons with large p./ \p

Difficulties in density deposition... Difficulties in convergence...
At the location where electrons reflect... “Wave-like” behaviour in iterations
— v, vanishes once p. / Ap becomes large [video]

— singularity in density deposition

n(z) = /d3voo foo (Vo) Yooz

Ux(xS 'Uoo)

= “Adiabatic” electron profiles update

— problems when 0, ¢ is small:
“spreads out” the singularities cb

!

Requires fine velocity grid
Helped by using (v, A, 0)

coordinates

U

even spacing
inv|?



anim_profiles.flre.rhoi100.mie1836.kittipaws--2026-03-28--large-rhoe-flr-electrons.7ba8d92c.mp4

EPFL : :
Ongoing: FLR electrons with large p./ \p

... via changing )\, (fixed mass ratio) ... via changing mass ratio
I_\/[eth"ds characteristic .
potential variation ¢ (z)/(Texo/€)
z¢'(z)/(Teco/€) |
Results 0.0 -
Params
- 0.0
o —0.5
Verification (Pth,e/AD)|DSE ~
: —0.5 1 (Ptn,e/AD)|DSE ~ 0.02 0.07 E
5 estimated as | ’ § —10 ]
\8 _10 - (”ml?lSE%)?l/z ﬂa/micﬂ;\}[:‘: \B'_/
i ~ ‘ FLR ~ .
| = & —1.5-
?ngomg E _15- =
. -
904 —2.0 A
Conclusions 5 5
H _2.5 T T T T T T - o T T T T T T
Bl Swiss 020! 10 10! 102 103 107201 100 10! 102 103
Plasma z/A
Center o=5°, m;e=1836, Tie=1 P =5, pi/Ap=100, Ti=1 x/AD
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Parallel streaming electrons, ambipolar

Ongoing: critical angle studies

Keep pushing o« downwards
— Electric field -9¢ weakens
and is expected to invert at a*

. P. C. Stangeby, Nuclear Fusion 52, 83012 (2012).

% R.J. Ewart, F. I Parra, and A. Geraldini, Plasma Physics and
Controlled Fusion 64, 15010 (2021).

%: Geraldini, A., Ewart, R. J., Brunner, S., & Parra, F. I. (2025).
Characteristics of monotonic sheaths near a wall with grazing
magnetic incidence. arXiv preprint arXiv:2508.09067.

Adiabatic electrons’: o ~ O(V(m./my)) ~ 4.7° for 'H plasma
Accounting for electron reflection®: a* ~ O(m./m;) ~ 0.5°
Accounting for finite p.* o ~ O(¥(pepse/Ap) ¥ (me/m;)) ~ 2°

subtle !! this is a rough
est. for our params

But these do not account for finite ; = pw; / Ap !



a=90"° a=10"°

=PrL 00! 00]
Intro
: -0.5 -0.51
. & -10; $=re
= = 1. CX effects are
Rt R Sl amplified at shallow
] i g angles ~ A\ Sin o
Result 0 5 10 15 20 25 30 0 50/ 100 150 200 250 300 350 400
Pesu s x/Ap X/Ap
arams
- a=3"
- 0.0 — . o
Verification Ongoing: CX in the
; <051 <4 2.More CX — E
- - field penetrates magnetized sheath
; E further into the .
Ongoins B il plasma S g.01.ng towards the
: - collisional presheath
- kil — A:Fp=3-105AD
3 Amep = 10°Ap
. . . . . . ; ; : T. Stucker, Implementation of
0 50 100 150 200 250 300 350 400 . , o
Conclusions X/Ap Collisional Effects in a Kinetic
m . Magnetized Plasma Sheath
Swiss Code, Masters’ thesis, Ecole

Plasma Figure ?17: Poi{:lenti‘c‘ll prorﬁles f01; a € {90°,10°,3°} and in different collisionality regimes: Ayipp € Polytechnique Fédérale de
Center {OOj ].0 )\D 1(.] ))\Dg 3 * ].O‘))\]:)3 10‘)/\]:)} Lausanne, 2026.



Conclusions and outlook

What works: What’s in progress:

e Software engineering: e Publication on the main code

* Fast, semi-analytical solver for

. . . : * CX pre-sheath': obtain fi. self-consistently
evaluating particle trajectories

* Adaptive, parallelized velocity grid * Simulation database

e Provide ambipolar potential drops j(¢o)
required in edge gyrokinetic
simulations

e Physics: solutions of magnetized

(pre-)sheath, over a wide range of
* length scales p. < Ao < p; * Investigate critical angle and sheath
* verified again GYRAZE in the inversion

Ap/pi = 0 limit * Plasma-facing components: ion energy-
* incidence angle a (down to ~0.01°), angle distributions etc...

* Acx in the magnetized sheath,

. Swiss ° temperature and mass ratios ! T. Stucker, Implementation of Collisional Effects in a Kinetic
Magnetized Plasma Sheath Code, Masters’ thesis, Ecole Polytechnique
Plasma Fédérale de Lausanne, 2026.

Center



Conclusions and outlook

What’s planned:

e In view of 2D simulations:

» Adapt trajectory solver to 2D, or adopt

numerical integration shemes Thank you !
* (Re-)write some Python modules in

Chapel®**?

* Benchmark full magnetized sheath
results with PIC codes?

% D. Tskhakaya, PPCF, 114001 (2017).
. Swiss % Bradford L. Chamberlain. Chapel. In Pavan Balaji, editor, Programming Models for Parallel
Computing, chapter 6, pages 129-159. MIT Press, November 2015.
Plasma *»; The Chapel Contributors, The Chapel Programming Language, online:
Center

, retrieved March 2026
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