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Wendelstein

Terminology & introduction N

Detachment: ) Pheat

A promising plasma phase for future fusion reactor. Features: y N

O high radiated power due to intrinsic (from wall/target material) or seeded/injected impurity ¢

L accompanied by reduction of particle flux and heat flux on the divertor targets (low-2)

(hence protecting wall/target material from erosion) /
f;fad:Prad/PheatNl o

Time

Focp 1 (gas fueling
t%Ppeqt ( frad) = Pheat (1=frad)

(Ve T +E;)

[Feng, NF,2021]

3

Daihong Zhang W?7-X Physics Meting [12/2/2024



Wendelstein

Preface:: terminology & introduction A

Detachment: * Pheat
A promising plasma phase for future fusion reactor Py / n
O high radiated power due to intrinsic (from wall/target material) or seeded/injected impurity ¢
L accompanied by particle flux and heat flux reduction frad = Prad Phoas ~1
(hence protecting wall/target material from erosion [, = Pheat (1—frad) /
t— .
(Ve Tt +E;) >

Time (gas fueling)
tokamaks (carbon device)

- radiation unstable (X-point (B,=0); MARFE)
Processes accompanied:

Stellarators (W7-X; carbon divertor targets)
- radiation stable (C and O impurity; +‘standard’ magnetic configuration)

Vol binati VR [Zhang, PRL,2019]
olume recombination (VR) I Instability in ‘low-iota’ plasma observed [Schmits,2021,NF] [Jakubowski,
High recycling NF, 2021]
_ - VR still under investigation [Feng, NF,2021]
Later, metal wall+N2&Ne-seeding (observedin HDHw. ne™~ 4 x 102° m=3 in W7-AS) [Winters,NF,2023]

- X-pointradiation (XPR) within confined plasma - high recycling not seen
—> radiation stable & controllable [Ramasubramanian, 2004 NF]

[Effenberg, NF,2019]
Researching the role of N2&Ne-seeding &  [Krychowiak, NME,2023]

/ Detachment control are undergoing
d / I X-point radiation condensation is du to field expansion [Feng, NF, 2023]

[Lipschultz, 1995,INM]
[Stangeby,PPCF,2018] =
[Krasheninnikov, JoPP,2017]
[Storht,NF2022]

[Reimold,NF,2015]
[Bernert, NME,2017] AUG

/ XPR (due to carbon) features at W7-X are presented.
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Overview of W7-X with key diagnostic locations

- with ‘standard’ plasma

(Graphite)
= 3D magnetic Divertor targets (10x)
topology
= Five islands in the Video AEQ40 - .
anometer
SOL (scrape-off layer) (154°-209°) ' (AEH30831)
" Video AEQ31

o

Video AEQ50
(226°-281°)

o)
Langmuir

probes &
(-81°-63°) M

4 ‘d\)bo\o +36

Video AEQ51
(295°-350°)

Video AEQ11
(7°-62°)

R

\ (151"-2(_)5:)_—’_(_‘,,,__--

Symmetric cross-sections:

-bean shaped

(intersections of magnetic islands with
targets)

-triangular cross-section

(viewed by bolometers)

-other available key diagnostics




OUTLINE —~

] General observations of up/down asymmetry in density ramp experiment

J X-point radiation built-up and its asymmetric structure
(J Examination of reversed field experiments

(JExploration of the mechanisms driving radiation asymmetry
o The simplified model of the ExB drift (with emphasis on poloidal drift) on impurity ion transport

dSummary
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General observations: ‘standard’ configuration; ECRH plasma in OP1.2a

The two-camera bolometer system:

I:)rad_up/ I:)rad_down
16 I W - FoV with up/down symmetric
14} o B- magnetic topology;
' * XP45 - HBC LoS constructed with up/down
12t s XP37 symmetry;
o XP52
1.0 - 2D radiation distribution using
bolometer tomography

0.8} [D.Zhang, et al 2021, NF]
0.6
0.4 A —

1 2 3

3

)

OP1.2a (O-impurity)

<ng>(10"° m
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Bolometer
line of sight

(LCFS)
ch27

VBC (33 chn)




I:)rad_upll:)rad_d{)wn OP1.2a+b
' " [o BroPiza)
1 6 i e B-(OP1.2a) A
- o B+6.5MW(OP1.2b)
. o B+ 5.0MW(OP1.2b)
[ CJ o o B+ XP25 ]
... L)
1.2} *-
0.8
04

An example

I
Post-boronization
(C-radiation)

S

Onset detachment

o O

© O O . .
O =~ NO N PONDOO® A 0WODNPPO

onset

XP20180814.025 AP iD
L § T T v | TS TR | T ] > T =
i ! B s (2]
M ‘ i q '
B (MW] PecrH ‘ 1 1
! 1| ® Prad_ZD
1 Pdi f_Prad ]
ST DR S
i <n>(10°’m” | \_l(b)_
. ! | il
e
'. o
- B ;

» High-radiation regime = signaling plasma detachment

Daihong Zhang W?7-X Physics Meting |12/2/2024

AP=attached plasma
DP=detached plasma
DDP=deeply detached plasma

Prad increasing
Pdiv decreasing

Density increasing

Edge density drops
(t>5.5s; onset DP)

Te(LCFS) drop from
100eV to <50eV

Zeff slightly increasing
(1.1-2>1.5)



0.3 ' AP 'onset_ D'P DDP

| bolo_edge ! - N (f) 1
£ s /7 -.
0.1%L { , h
02 = + _:4 + 4 + :: Cf}28 } - } +

- P,[10™ mba : 1 .

[ ol r] up(A:EH31) , ‘ (g) ]

v' Upstream radiative cooling=>
lowering downstream Te,SOL—>
Increasing neutral penetration length

Neutral Pressure Gauges
(AEH31 vs AEH31
- PO_up vs PO_down)

Bolometer edge signal:
Upper SOL radiation increasing
Lower SOL radiation flat

Neutral gas pressure PO:
Upper PO increasing
Lower PO flat

[Wenzel, 2019, RSI]
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220890
_ L2002 =aN

0
o
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S
3
0
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2
1

0
4

AP onset DP DDP

r T v v = T | 14 =
. bolo_edge (f) .
_‘[mW] Echs -
" L & L El cr]28l ;‘\:M
L P,[10* mbar] | (o)
ke up(AEH31) ‘ (g)

- . down(AER3( . -
i - | p———
[Jg ave[MA/M?] : L (h)]
| dovq:/n i
j | ' et
i Te_div[eviI § = T;:_m
i @TL J:ave[eV]
w _(_I)—
[ e
—
" Ha [10"/(s sr)] | . e
R e e j M3b
;_: e bo) o8 o e o eC .,m:%:”A:“lWE% -
\ o®t 0% agtt-
. .. s ()
O 45 50 655 6.0 6.5 7.0

time (s)

[Rudischhauser, RSI,2020]

[Kremeyer, NF,2022]
Lc(m)
5 50 500

Yerticay ¢
ar
9ap 96t

ade oo

Langmuir probe arrays: \
" [Feng, NF,2021]

horizontal target

particle flux reduction

(definition of detachment onset) —
500 , ;
Target temperature 400 3
reduces from 10eV =><5eV — 300l =
= 200+ £

Divertor visible light cameras - i

Ho signal decrease :

(neutral recycling low) 0 10 20 30 40

S (cm)
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Wendelstein

J X-point radiation built-up and its asymmetric structure
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Wendelstein

Horizontal bolometer camera Vertical bolometer camera
(a) XP20180814.25 (HBC) (b) XP20180814.25 (VBC)
T 1T 11 | | L L | | | | = crrrrrrrrryrrrrrroerrfprrrrrrrrryprrrrrrrT 14
I I I I I - I I

o9 5505 :_ N Ch32

0.4 e—— 5.80s 0.4 = /W 6.2s
e 6.00s — i) '
O 6.205 -

ch2 6.0s
0.3 A 0.3 %

0.2

IIllllllllIlllllllllIlllllllllIlll

\ "Q-:_--B-___
a=
1
90]
[ %3]
I|||||||||I|||||||||||||||||||I|||

Chord-brightness (W/cm3)

o
[

0.1

(0]

Chord-brightness (W/cm?3)
o
N

LITIIildl

F—I' ‘ Iower .
’lllll llllllllllllllll? L1

o IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

00 1 00IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
5 10 15 20 2% 30 35 0 10 20 30 40
channel number out- channel number inboard
= Ch5 viewing upper SOL remarkable = Remarkablechannels:
= |ts brightness rises with density Ch14 viewing upper X-pointand ch26,ch32 viewing inboard side
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Chord-brightness evolution and the 2D

radiation distributions

XP20180814.25 (HBC)

A ll [ I 1 II [ II L II [

&—@ 5.50s
@ 5.80s

5_~ Ot 6.00s
// \ ——a 6.20s
{ A r‘.':l

-edge localized
-up/down asymmetry
-radially + poloidaly shift to X-points

llllllllllllllll

NS 7

o
w
]IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
—>

o

Chord-brightness (W/cm3)
o
N

i=%. Multiple XPR DP-phase!

OO:IIillllllllllllllllllllllll-?_ﬁlll

channel number
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Bolometer tomography

[W/cm3]

1.2

Wendelstein
7-X

P

0.6 Onsetdetachment

0.0

1.2
0.6
‘ 0.0
2.0

‘ 1.0
0.0

detached (DP)

detached (DP)
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Chord-brightness evolution with plasma density and frad
- transition from DP to DDP X

XP20180814.25 (HBC) XP20180814.25 (VBC)
:""|""£""|""|""|IIII L 0'6:|”|”'”'""""||||||I|”||6H31”|”:
04 - 7 ~ &—® 6.20s | - g &——® 6.20s _— 0 f é
- /=~ — 6305 | ] 0.5 E[e—=°620s 7 3
— - ——e 6.40s | m "~ E |e—e630s =
"’E - o— 6.50s | ] < = |@—e 6.405 =
L 03k = § 0aE o =
- E sk =
LU = = £ = =
S 02f = 2 03 Efen2 3
= = 3 10.2 5 =
e F = T TE :
v 0.1 — _8 - A 3
- - U = PP 3
= - 0.1 Bf \gga® -
0.0 O:I 5| L1 Illol L I1|5I L I2|OI L I2|5I L _TBOI L I;! 0.0 ()ET| L 11111 |1c)| I T O I | |20| L1111 |3|0| 1 T I | io
channel number 14 outboard ~ channel number .

= Signal Ch14 in VBC weakens;
= Signal Ch32 in VBC increases;
= The brightness's inboard side increase with density

= Signal Ch5in HBC decreases;
" The brightness in the upper SOL declines with density
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hord-brightness evolution and the 2D
radiation distributions

- transition from DP to DDP

Wendelstein

Bolometer tomography X
(B+) :
/ﬁ

(d)
DP  x3 M

X2 t=6.2s [Wem3)
DP 2.0

XP20180814.25 (HBC) 115
:I I L é L | LI | LI | L 11 I: X4 |
0.4 f_ —= 6205 —f 0.0
= ——e 65.30s |
o - T 6405 1 3 [Wcm3]
c = e— 6.50s = 1.2
é_ 0.3 —
< = = 0.6
v - -
% 0.2 £ E | 0.0
e = =
2 3 3 | ® (W em]
0.1 - 3 DDP 1.3
0 0 EI ‘ | L1 11 | L 11 1 | L1 11 | L1 1 1 | L1 1T il 1 1 IE 07
0 5 10 15 20 25 30 3!
channel number 15 0.0
outboard inboard
= Signal Ch5in HBC decreases; = Upper X-point radiation weakens;
= The brightness in the upper SOL declines with density » |ntensive radiation appearat the inboard side (DDP)

15
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Wendelstein

Results derived from the 2D radiation patterns i

- radiation zone radially inward shifting with frad

20180814.025emiszone_frad

1.3 =L B N N B B ul T T 1 l [T T 13
g . onset DP trans_DDP g . - . o .
= - = radial positions of the maximum emissivity in magnetic
— isd —
1.2 - o s AP = islandsinis2, is3 and is4are analyzed,;
= EEBEED e ® o DP = It shifts from r/a=1.15 to ~1 as frad increases from 0.4 to
n 1.1 E_ GEBEEDe ® ¢® o e ® @ _E unity.
5] = ° o ees -
g e 0D
= 1.0 F * =
- E
0.9 F- =
O 8 E L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 E
0.0 0.2 0.4 0.6 0.8 1.0 1.2

f

rad
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Wendelstein

isible video camera observations support the bolometerresults .Y
DDP

AP phase

(reference)
reflect
' o divertor

region

DP (AEQ50) DDP (AEQS50)

Poincaré¢ plots:
$=247°
$=252°
(108°+2%72°)
o=257°

[Kocsis, FED,2015]
[Zoletnik,RSI,2018]

horizontally
flipped
* Sensitive to visible light; , ,
+ E.g. from hydrogen, Cll and ClI| -stronger upper X-point radiator  -upper X-point radiator weakens
-up/down asymmetry dominant -in/out asymmetry dominant

1/
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Wendelstein

3D structure of the radiation belts from the visible video cameras [=
- In the DP phase

xp20180814.25 (a) Modulel (b) Module3 (c) Module4

- Almost identical images in the four field periods (M1, M3, M4, and M5 (last slide))
- The X-point radiators appear at same poloidal position
- Radiation belts around three (of five) X-points
- These helical bands following the toroidal field period
Daihong Zhang W7-X Physics Meting |12/2/2024
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Wendelstein

Reversed field experiments in OP2.1 (2023)

-ECRH power step-down (-

I No density ramp programs

e : [102 K]
'f i Wdia

00 40 80 12.0 16.0 20.0 24.0 Time(s)

Wdia

(a) NormalB-field XP20230215.058 (b) ReversedB-field XP20230117.074

2 I Pecrn ' ECRH
OY\\. . T E ‘ Pag . [ fradmo'7 (2) . . v g Py ]
[ —nd o m | Density 8|7 fndovm
4 E not equal! 4 :
ol o Gospufte [ Gas-puff

: 0 U D U . L
1 | T.(ECE; core) 1
o 0 Te(ECE; core),
6t - "+ T TryoreoTrTCTOCOTTOCTCTTTRT . T T
s i [10° KI]
2 5 |
0 0

00 40 80 120 160 20.0 Time(s)
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Reversed field experiments in OP2.1 (2023)

-Reverse asymmetry sign [
| No density ramp prog| Normal B-field XP20230215.058 Reversed B-field XP20230117.074
(a) t=17.0s (B+) (b) t=14.1s (B-)
() xpa0; Jp— — 2ction)
4 fl’ W]
B+ case: 2
X4>X3 ol
X2>X5 o ——
1s5>is1 | 107 m]
4 L=
B- case: ‘; . (c) (d)
X2<X5 X
Is5<isl 0 OTQ). |
6 —_—
4l 02 KJ]
20
0 L
00 4 ne (s)
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Wendelstein

—~

J Exploration of the mechanisms driving radiation asymmetry: ExB drift

3D modeling results using EMC3-Eirene code w/o considering drifts

(b)

[W/ecm3]

4.6

0.0

2D rad'iation distribution

Daihong Zhang W7-X Physics Meting |12/2/2024 e(r, Y=ngn,L,(Z,T,) — n,(r,0) =? source & transport 2!



Wendelstein

Carbon transport N
-from the source to the FoV of bolometers

= Wall-to-wall connection length Lc describes the averaged source distances;
" Lc~¥6m (near _TS) & 30m(far_TS)

using EMC3-lite [Feng,2022,PPCF]

L. [m]
1000

180

32

5.6

is=magnetic island
PF=private flux
near_ T
=l TS=target shadow

- Impurities released by PWI on the targets reach the triangular cross-section via //-transport and perpendicular
transport;

- Parallel transport governed by impurity-ion frictions = impurity flow toward targets [Perseo et al 2019, NF]
- Cross field transport: diffusion + drifts

22
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A simplified model of impurity transportin the island SOL

- friction dominant impurity flow

1D particle continuity equationin source free region:

Parallel transport:

N
§
\
§ 2 Friction dominant impurity flow: Vz,f=—0V;, (downstream, <0)
§§ ViV
\E
- § A Cross-field transport:
5 § diffusive (D)
: \
£ N
> d an
Radial x ix (@Vznnx - Da) =0, 9)
[Feng, NF, 2006] ( /G)Vz” )
ni = nigexp | — dx (10)
D
Impurity parz;\IIeI flow:
17,2 15, Ze
Var=Va+ S QTN T+ 220 T) + ==y [ Higher @V, causes low impurity density in the island SOL
Y, Ting.
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Examlnlng the classical drifts ExB

Poloidal drift: V 4 ocE xB

up target
PFR v
d,0
Er PFR
Er
EY QB
Er direction:

from higher-Te LCFS toward the lower-
Te O-point within the islands;
away from the LCFS in the PFR;

The net pol. drift V4 is anti-clockwise
pointing towards down-target;

Daihong Zhang W7-X Physics Meting |12/2/2024

the normal field direction

M. Kriete, NF,2023
K. Hammond, PPCF, 2019
Y. Feng, PPCF, 1998

div. chamber
horiz. G-

Private flux re
(PFR)

[Y. Feng, 2021,NF]

E x B poloidal drifts are more
importantthan E x B radial
drifts.

[Stangeby, NF, 1996]

Wendelstein
Y'XA
= Due to the potential drop

along the B-field line from up- to
downstream (i.e. E//-field)

Radial Vd,r OCEOXB

up target

= EO points from X-point (higher Te)

toward target (lower Te) along the
separatrix

= Vd,r points fromisland towards PFR or

from PFR to the island.

= This partisignored.

How about their impacts on impurity transport? 24



A simplified model of poloidal drift effect

- the effect on impurity transport in the island SOL

U__H E_arget {TSR}
TS

strike line -

Pumping Vae

gap

« O-point
= X-point
XB neutral

u_Vv

& ion.zone

shadow

I emis. zone

Inboard side

Considering poloidal drift Vd:
_ XpVz,f+Vy
ns(xp) =nygq exp(fkp—D dx)
0
v At X, Vd = +Vy (>0, toward the LCFS)

v AtX3 Vd=-V,o (<0, toward the target or TSR)

Daihong Zhang W7-X Physics Meting |12/2/2024

(b)

Pumping
gap

Strike line : =

Inboard side

Up/down asymmetry of impurity
(e.g. ‘star’ marked positions):

2V, 0
msocmdexp(j D dx

1N;4: source asymmetry (at down stream TS)

O Upstream drift = higher impurity density=> higher radiation 25



Explanations of impurity radiation asymmetry in the triangular
cross-section: upper island is2 vs lower island is4 Y

Bolometer tomography

is2

is3

is4

near_TS

O Higher impurity radiation:
v In 1S2, in the right partition
v In IS4, in the left partition
- Corresponding to regions with upstream pol. ExB drift

Daihong Zhang W7-X Physics Meting |12/2/2024 26



Explanations of impurity radiation asymmetry in the triangular

Wendelstein
7X
cross-section: within the magneticislandis3 -
Model Bolometer tomography
AP
[ ] X3 is3
m
Up .
1000 parallel flow OV o
VA 180 S
o oy = (b)
[ ou- ~<
R 32 : %3 O Higher impurity radiation:
Down 5 6 .I o v" InIS3, in the upper partition
& Dpoloidal Vg
1 & @0 — Corresponding to regions with
x4 upstream pol. ExB drift
+ (<)

27
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Wendelstein

0 Plasma detachment induced by intrinsic carbon impurities have been routinely obtained in the ECR-heated plasma after boronization
(OP1.2b) with standard magnetic configuration. It is characterized by a high radiation fraction (f,,;) with significantly reduced divertor
heat load and particle flux.

- In the detached plasma phase (f,,, =0.6-0.9), the 2D radiation patterns obtained by Bolometer tomography has revealed multi-X-point
radiation (XPR) structure in the triangular cross-section, which has an up/down symmetric magnetic topology. The multi-XPR structures
are with up/down asymmetry and the brightest XPR appears near the upper X-point for the normal magnetic field direction. Reversing
the B-field direction, the main (up/down) asymmetry turns its sign, implying that the drift effect plays a role.

- In the deep DP phase ( f,,; ~1), the degree of up/down asymmetry significantly reduces, nearly all SOL power is homogenously

dissipated via impurity radiation.

- Video cameras confirm the bolometer results and further show that the multi-XPR has a band structure around the X-lines and helically

follows the field periods.

Q A simplified model considering the influence of the poloidal ExB drift (¥7;) on the impurity flow in the SOL shows that

- the poloidal drift potentially leads to an up/down asymmetry of impurity density in the SOL despite the symmetry magnetic topology:
v downstream drift toward the target or TSR (V/,<0) decreasing the impurity content,

v' upstream drift toward the LCFS (V, >0) increasing the impurity content.

- The dynamics of the up/down asymmetry in the multi-XPR structure is related to the magnitude V /D (normalized to the impurity
diffusivity), with an additional effect owing to the radial inward shift of the emission zone.
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Thanks for your attention!
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time [s]
Cll time trace (camera 408) LP10_up AP Bt (Cll) oc n,L, (Te, z=1)
ra VA4 7

; 1 LPB_u
, W. e‘ SYIL,(Te, z=1)

LP10_down

Wendelstein
Discussions: Cll emission profil
iIscussions: downstream Cll emission profile Y
Cll time trace (camera 41B) Definition oftczuspgrofile in 41B Definition Ogtc3“4pzrgf”e in 408 e
at 2.58s 1le16 < &
0.5 Visible camera (upper) — | 175 " 175

- 2.0 600

L " 4 1.50 1.50
- 0.4 i ) 'g 800 125% 800 -
£ { 159 : t
20.3 £ £ 1000 200 % 1000 1.00 3
§ H E 0.75 é 0.75 ‘g
2 i 1.0 x 1200 ° 1200 %
810 2 ! é 050 & 0.50
S ; =
T ! 8 1400 0.25 1400 0.25
" T i T LT . 0-5§ _— 0.00

( . ’ 600 800 1000 1200 1400 '

: 20180814.025LDUminerva

: g 0. NDET—T 7 17 7 1T 17 17 T 1 L
|

Visible camera (lower)

Y: impurity yield due

0.4

T to physical and chemical sputtering

% 0.3 ;

4 O upper profile narrower;

£0.2 | | O lower SOL:

o _..-___.[EJ_-______Q__"_ At DP phase, stronger Cll emission
ol

0 2 4 6 8
time (s)
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Discussions: Downstream Cll emission profile vs. heat load profile A
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Wendelstein
7-X
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08— The up/down asymmetry
§ O both Cll and heat flux
062 profile near/on the
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