MAX-PLANCK-INSTITUT
FUR PLASMAPHYSIK

X-point radiation
and its up/down asymmetry
in the detached plasma regime

in Wendelstein 7-X
L

Wendelstein

{{)) EUROfusion

—

n This work has been carried out within the framework of the EUROfusion Consortium, funded by the European Union via the Euratom Research and Training Programme (Grant Agreement No 101052200 — EUROfusion). Views and

opinions expressed are however those of the author(s) only and do not necessarily reflect those of the European Union or the European Commission. Neither the European Union nor the European Commission can be held
responsible for them.

Daihong Zhang | 51st EPS conference July 5-13, 2025



The main contributors la

G. Cseh?, Y. Feng!, Y. Gao', M. Jakubowski!, T. Kremeyer!, S. Dréger!, F. Reimold!, M. Kriete?,
A. Pandey', G. Schlisio!, G. Partesotti!, V. Perseo!, A. Alonso?, Ch. Biedermann' S.A.
Bozhenkov!, Ch. Brandt!, K.J. Brunner!, R. Burhenn1 B. Buttenschon1 M. Endler! G. Fuchert1 J.
Geiger!, R. Laubel, L. G1ann0ne4, V. Haakl, K.C. HammondﬁM. H1rsch1, J. Knauerl, G. Kocs1sz,
M. Krychowiak!, R. Ko6nig!, D. Naujoks!, M. Otte!, F. Penzel’, E. Pasch!, A. Pavone!, K.
Rahbarnia!, T. Szepesi?, H. Thomsen!, U. Wenzel!, V. Winters' and the W7-X team

!Max-Planck-Institut fiir Plasmaphysik, D-17491 Greifswald, Germany
HUN-REN Centre for Energy Research, Konkoly-Thege ut 29-33, 1121 Budapest, Hungary
SAuburn University, Auburn, AL, United States of America
‘Laboratorio Nacional de Fusion. CIEMAT, 28040 Madrid, Spain
SMax-Planck-Institut fiir Plasmaphysik, Garching, Germany
SPrinceton Plasma Physics Laboratory, Princeton, NJ, United States of America
’ITER Organization, CS 90 046, 13067 St. Paul Lez Durance Cedex, France

Daihong Zhang | 51st EPS conference July 5-13, 2025 2



Wendelstein

Preface: Stable X-point radiation in the detached plasma (DP) regime (@

O Plasma detachment with high impurity radiationis a promising solution for reducing divertor target heat load,
preventing material erosion, and thus ensuring the safety operation of fusion devices.

O In the DP scenarios in tokamaks (typically with a single-null divertor configuration), most of the radiation originates
from the vicinity of the single X-point (B,=0) (so-called X-point radiator). [Bernert, et al. Nuc. Mat. Eng.,2025]
[Stroth, et al., NF,2022]
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Wendelstein

Preface: stable X-point radiation in the detached plasma (DP N

O Plasma detachment with high impurity radiationis a promising solution for reducing divertor target heat load,
preventing material erosion, and thus ensuring the safety operation of fusion devices.

This presentation addresses X-point radiation (XPR) in stellarator W7-X

Stable, highly-radiative DP phases obtainable:

- w. intrinsic impurities (e.g., C and O)
[Zhang, et. al,2019, PRL]
[Pedersen, et. al, 2019, NF]
[Schmitz, et. al, 2021,NF]

[Jakubowski, et. al, NF, 2021]

Normal magnetic field direction - w. seeding

(B+:
counterclockwise from top view of
W7-X)

[Effenberg, et. al, NF, 2019]

!
' controllable - cpowiak, ct. al , NME, 2023]

| Radiation fraction f,,4=P,qa/Pheat
governs the DP processing

bolometer tomography [Feng, et. al, NF, 2021]

[Zhang, et. al, NF, 2019]

How about the radiation structure?
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OUTLINE —~

= Introduction

= Experimental results
i.  multi-X-point radiation with up/down asymmetryin the detached plasma regime
ii. Magnetic-field direction dependent up/down asymmetry

= Discussions on a simplified model
- pol. E x B drift effects on impurity transport and radiation asymmetry

= Summary
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Wendelstein

Introduction i

Magnetic topology Pumping
* ‘standard’ divertor configuration gap \ G

* jota=1(5/5)

* Magnetic Island dimension r,, ~7 cm

\

= Fiveislands intersecting
the divertor targets

= 3D magnetic topology
and SOL (scrape-off
layer)

®= Main radiators: target-
released carbon
impurity ions

Carbon divertor units
VBC (33 chn)

(vertical bolometer camera)
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Wendelstein

Magnetic connection length N

Up horizontal (U_H)
divertor target

Lc [m]
1000

180

32

5.6

1

inboard side

outboard side
R

Calculated using EMC3-lite
[Feng, PPCF, 2022]

Triangular cross-section:
- w/otarget elements
- Outmostregion: target shadow (TSR)

down horizontal (D_H) - Shortest Lc ~3 m (e.g. is3 to vertical targets)

divertor target in M2

Target-released carbon impurities can reach other

regions through parallel and cross-field transport (e.g.
diffusion & drift)
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Wendelstein

Experimental results: establishing the radiative plasma detachment HiaER

Representative hydrogen discharge: 5.5MW ECRH

XP20180814025 After hydrogen-gas refueling (t>4s; up to 8s)

6 W) PECRH Py op

4 . = P.4increasing;

2| _ Prad_2D (tomography beads)

ol v Prad (HBC measurements based)
0.8[ <n> [1;]20m-3:] S /v o iy - deviation between them indicating phase transition of pol. asymmetry in radiation patterns
041 1 = Plasma density increasing
0-0 M 1 N 1 N 1 N 1 N 1 M 1 M 1 M 1

0 4 8 time(s)
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Wendelstein

Experimental results: establishing the radiative plasma detachment HiaER
Representative discharge: 5.5MW ECRH; density ramp

XP20180814025 After hydrogen-gas refueling (t>4s)
F MW PECRH Prag.2D -

. = Prad increasing;
- - radiation zone shifting

oON B

AP = attached plasma
DP =detached plasma
DDP = deep detached plasma

3

ol = Diverter target heat load decreasing

|
0 g Onset of DP definition:
0.1 - - Particle flux on divertor target start to decrease

] Other parameter variation:
0.0~ (AP DDP)
0-8_ = Plasma stored energy: . T.(LCFS): ~100eV = <50eV
0.4 - quasi-stationary; " Towr  ~15eV >~3.5eV

Tl - slight decrease in the later DP phase " fradcore: 0.2 0.6
0.0 (called deep DP)
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Wendelstein

Establishment of multi-X-point radiation (multi-XPR) structure X

Bolometer tomograph X
grapny 6-_ W] PECRH DP Prag 2D -
4 [ ]
2| .
Onset DP I gas flow(a.u.)
t=5.5s 0 - —
2D radiation profile feature:
- SOL localized
- high dynamics

- up/down asymmetry of emissivity

-radial + poloidal shift to certain X-
points =2
forming a multi-XPR structure

0.6 I X-point radiation condensation is due
to flux surface expansion
[Feng, NF, 2024]
0.0
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Dynamics of the multi-XPR structure
- transitionto deep detached plasma X

Bolometer tomography

XP20180814.025
X2 6 [ MW ECRH 520
[W/cm3] 41 -
2.0 =, t=6.2s DP 2 ]
TN O | gas flow(a.u.)
1.0 '
x4 =  The multi-XPR structure variations
0.0 - upper XPR weakening

- up/down asymmetry reducing
- inboard X-points brightening

[Wem?3)
1.2

0.6

0.0

. y 11
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Wendelstein

Visible video cameras: Confirmation of the bolometer results Jiaa

. Deep DP (6.5s
[G.Cseh, et al., DP (6.2s) : P ( )
this conference, 3P203] DP (AEQS0) DDP (AEQ50) -

=  Sensitive to line emission
fromHe, Cll, CllI
= Toroidal extent of FoV ~55°
» QOverlaid Poincaré plots:
$=247°, 252°, 257°

outer board inboard outer board inboard

deep DP phase:
DP phase: P P

. = Upper XPR weakens
" Upper XPR brightest bolometer results = Inboard XPR brightens

(horizontally flipped)
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Magnetic field reversal effect on pol. asymmetry of carbon
radiation in density ramp experiments at W7-X (2018 & 2025) aa

Normal magnetic field direction (B+) Reversed magnetic field direction (B-)
OP1.2b (2018; XP20180814.025) OP2.3 (2025; XP20250313.040 )
5.5 ECRH 5.0 ECRH

= The asymmetry in the multi-XPR structure is magnetic-field-direction dependent

- field reversal leads to displacement of the brightest XPR from the upper to the lower SOL

! This reversal of asymmetry suggests that drift (most likely the ExB drift) plays a role. [Stangeby et al 1996, NF]
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Wendelstein

Discussions: A simplified model considering

the poloidal ExB drift effect on impurity flow in the island SOL (@

Upper SOL

y_Ht

e li TS : :
strike line = Parallel impurity transport:

classical convection driven by
- thermal force (<V,T,; V,T;) +
- frictions due to collisions with main ions

Pumping
gap

I At W7-X, downstream frictions (<0) dominant

[Feng, NF, 2006]

e O-point [Perseo, NF2019]
=we= X-point Vz,f: _GVZ"%’ _G)Vill
&B neutral
\ target (internal field line pitch ©~0.001)
U_ TSR #” ion.zone
or
shadow -
bonrd eid >R X emis. zone = Poloidal ExB drift, V4, oc E/B I, N0
Inboard side E, =-d¢ /dr o -dT,/dr [Hammod, PPCF, 2021]

[Stangeby, 1996]

- Equally impact on both main ion and impurity ions

14
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Discussions: A simplified model considering

Wendelstein

the poloidal ExB drift effect on impurity flow in the island SOL (@

Upper SOL [Feng, NF, 2006]

1D particle continuity equation in source free region:

strike line 4 ((Vz,f V- de> 4
Pumpin
gapp g frictions / l . \diffu :
Pol. ExB drift sion
Ve oc E/B
X VZ,f+ Vd
. O-point n,(x) = nzdexp(fx ——% dx)
= X-point 0
XB neutral Nzq: SOUrce asymmetry
target (downstream TSR)
UV TSR & ion. zone Ao: neutral penetration length
o shadow . (~1cm - severalcm)
Inboard side >R 7Z emis. zone x: distance from the TSR

B Upstream drift: V= +Vy0 (>0, toward the LCFS) = increasing
n,—> higher radiation

@ Down stream drift: Vg =-Vy¢ (<O, toward the target or TSR)=>
reducing n, > lower radiation
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Discussions: How does the poloidal ExB drift affect the up/down
symmetry of impurities in the SOL ? (i

Upper SOL TSR

Bolometer tomography

Lower SOL

O This simplified model predicts up/down asymmetry in impurity

> distribution despite the up/down symmetric magnetic topology.
Inboard side R L The up/down asymmetry in impurity radiation is then qualitatively
explained.
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Wendelstein

In W7-X hydrogen plasmas generated by ECRH,

U plasma detachment induced by intrinsic carbon impurity radiation are routinely obtained with ‘standard’ magnetic
configuration. It features,

* in the detached plasma (DP)phase (f,,4 =0.6-0.9),

- a multi-X-point radiation (multi-XPR) structure with up/down asymmetry despite the up/down symmetric magnetic topology in the FoV of
diagnostics (bolometers & video cameras)

- the brightest XPR appears near the upper X-point for the normal magnetic field direction; while displacing to the lower X-point in reversed
field experiments, implying that the drift effect plays a role.

*» inthedeep DPphase (f..4~1),
- the degree of up/down asymmetry significantly reduces, nearly all SOL power is homogenously dissipated via impurity radiation.
O A simplified model is introduced for the DP phase:
- considering the influence of the poloidal ExB drift (V4) on the impurity flow in the SOL
- Qualitatively explained the mechanisms driving the up/down asymmetry in impurity distribution
v' downstream drift toward the target or TSR decreasing the impurity content,
v upstream drift toward the LCFS increasing the impurity content.

» The poloidal drift potentially leads to an up/down asymmetry of impurity density in the SOL, causing an up/down asymmetric impurity

radiation. The dynamics of the up/down asymmetry in the multi-XPR structure is related to the magnitude V4/D (normalized to the impurity diffusivity), with
additional effects owing to the radial inward shift of the emission zone as well as source asymmetry.

[Zhang, D. et. al., 2025, submitted to NF]
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Thanks for your attention!
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