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Power & particle exhaust limitations in W7-X and its
relation to density build-up in the divertor
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Short summary of detachment observations



Steady-State, complete detachment in W7-X achieved

Detachment readily achieved
— Density ramps (intrinsic C) or impurity seeding
— Detachment is stable (except DBM)
— Detachment is complete across target
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More on radiation & detachment:
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Are there known limits to detachment in W7-X?



Wendelstein

Power exhaust limit in W7-X AN

Regression analysis of radiation data 7 — opl.20
; li ith [ ; ) . No Seeding o _
— Consistent scaling with line-integrated density sl _u  Sesding ., - 0
with intrinsic and seeding '

_ 0.41
Praa[MW] =018 nld2 [10¥m 3](Zerr — 1) PYaS [MW]
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o
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o
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Prad =018 (né.09 (Zeff_ 1)0.41 P,(_)’.46)
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Power exhaust limit in W7-X

Regression analysis of radiation data

— Consistent scaling with line-integrated densit
with intrinsic and seeding

_ 0.41
PraalMW] = 0.18 niy [10°m™3](Z,fr — 1)

Pcar[MW]
Extrapolate detachment with radiation scaling

— Detachment qualifier: f_4, > 0.8
— Intrinisic impurities / low seeding: A Z_4 = 0.5
— Detachment limitations with ECRH:

X2-Heating (n, = 1.2 — 1.4x10%m"3)
> Plim,det =10 MW

O2-Heating (n, = 1.8x10%2°m™3)
- Plim,det - 20 MW
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Power exhaust limit in W7-X AN

Regression analysis of radiation data 18 7
— Consistent scaling with line-integrated densit __ 161 2l
. . . . . ™ -
with intrinsic and seeding = 14- I L7 1.1
0.41 5 "g q %
Prga[MW] = 018 ng2) [107°m™3](Zepr — 1) PRoac[MW] o 121 5 &% - 0 10 -
2 10- S o 2
Extrapolate detachment with radiation scaling e i > S
‘e L 8- 9 5
— Detachment qualifier: f4 > 0.8 3 o
- e . agn . . _ O 6_
— Intrinisic impurities / low seeding: AZ4 = 0.5 £ 0.8
— Detachment limitations with ECRH: Q47
- 24 0.7

X2-Heating (n. =12 - 1.4x10%°m™?) o

> P ges = 10 MW 0 2 4 6 8 10
Pecry [MW]

O2-Heating (n, = 1.8x102°m™3)
- Plim,det - 20 MW
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Power exhaust limit in W7-X @

Can we cure this with impurity seeding? OP1.2b-EJM  Perseo NF 61 (2022)
H A
To some extent poss,lblg 20 ) anZ+b £ 5
— BUT, at the expanse of increased Zeff : e =
« only intrinsic impurities
& e 24 with seeded in)purig(;:'s 08
W7-Xis a carbon machine, i.e. significant intrinsic § ' 2 A i ‘3
. . 0] I
iImpurities are already present o2 ! : :% 0.6
©
© 2.0 Bl R W
Focus on: P, = 2-5 MW & n ;. > 3x101% m-3 2 \ '8
’ o FT ’ 0.4
. . ()] f
— Impurity concentration (spectroscopy & CXRS) 5
Z — 1 1 _ 1 7 Perseo NF 61 (2022) 1.5
eff ' ' F. Reimold PSI 2020 0.2
C = 0.5-1.5% F. Henke PSI 2022
C,core T. Romba PPCF 65 (2022)
— Predicted enrichment (EMC3-Eirene) 0.0

0.0 0.2 0.4 0.6 0.8 1.0

- = 4-6
Nimp Line averaged ne [102° m™3]

> Estimate cc 4, = 4-6% (consistent with Y, chem )

Roth JNM (1999)

Divertor Spectroscopy

Note: Direct divertor concentration measurements under development
F. Henke (Poster)
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Power exhaust limit in W7-X F N

Extrapolating to nominal operational heating power
of W7-X (10-20 MW) with C-impurities

ne, tar [m_S]

Use EMC3-Modeling:
D =0.5m?s, X=1.5m?s

Nesep = 3.0x1019 m-3

Te, tar

— Strong increase in c. required to radiate
sufficiently (f,,4 > 0.8)

— Divertor impurity concentration:
Cc,div,der= 10-20%

Cc, tar [%]

— Separatrix impurity concentration: -
CC,sep,det up to 4-5% (Zeff = 2) =

More investigations required:

— Impurity species (Ne, Ar,...) : : : : : :

— Transport coefficients (similar trend for reduction by x3) 0.0 0.2 0.4 0.6 o g 1.0
: : : : 0 .

Enrichmen

frad
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Particle exhaust limits in W7-X AN

6 . i : . W7-X, #20181016.016

Neutral pressure sufficient for particle control N

1

A }_PECRH [MW] ——P_, [MW] ——P [MW]‘

AP Snrde st scrtpenirenmPogee, |

— Steady-state detached, high-density plasmas 2lf
— Wall important for low to medium densities P~ ‘ ‘ =
(not shown here) 6 :
: : |—— line integrated densi 902
— Neutral compression retained up to f,, < 0.8 2 x x e
(as in closed divertor tokamaks) 2 W
Feng NF 61 (2021) il p—— |
Kremeyer IAEA (2023) | | | | | o o
Schmitz NF 61 (2021) ‘ , : ‘ ‘ ‘ ‘
Jakubowski NF 61 (2021) 6 N\ —_—
2 ?—subdivertor neutral pressure [10'2 Pa].i |
50 : : : : —
|~ total fueling rate [102? A/s] —total pumping rate [1 0%° Als] §
25 - N
o
U : ? | : t =z
"— divertor particle flux [1 621 [m'zs"] — peak heatrflux [MWm'z]i ‘:/_‘)
2 18
0 f T — — Aoy . i:;
0 5 10 15 20 25 30
time [s]
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Particle Exhaust limits in W7-X AN

. OP1.2b
Neutral pressure sufficient for particle control 5 0107 < . 7
— L]
— Steady-state detached, high-density plasmas ¢ 3
: : . O °
— Wall important for low to medium densities — 0.08 7 $e
(not shown here) 87 o 5
. . oI ® —_—
— Neutral compression retained up to f,; <0.8 & (6. %
(as in closed divertor tokamaks) 2 4 'T_:'
-
LS o
- ]
L 0.041 30
Limited neutral pressure & scaling =
00 2
: 0 0.02-
— Neutral pressure scaling: I
==
S 1
poaiv[Pal < ngi [1E191Pg5a, [MW] (e [kA] + 1.5)° g

0.00 002 004 006 008 010  0.12
> But low levels of absolute pressure: Pumping gap neutral pressure [Pa]

Do div < 0.1 —0.15 Pa
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Where do we think the limit comes from?
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Limited density build-up in the divertor

Divertor densities measured by Stark broadening of Hg
— Increased downstream density: nq,, > ny,

> Step forward with respect to W7-AS (except HDH)
— No tokamak-like high-recycling in W7-X: n;,, < nﬁp
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—.- W7-AS e
149 — EMC3 Icc=0.0kA A
—_ —== EMC3 lcc=3.1kA o 3
' 1.27 W7-X lcc=1.0 kA ’~ S
E + -X lec=1. / i
2 1.0 5 r,/ 4: 1
W 7 +
c rs
8 0.8 1 A/ 7
£ N "
o r
E 0-6 = ,+ ++ - -‘
R !
§ y
o 04 - ,f
2 SBD-limit #*
0.2 - -
0.0 1 .

0 1 2 3 4 5 6

Sepratrix Density [m™] lel9

Reimold IAEA (2023)

Time [s]

Feng PPCF 53 (2011)

Note: Strong variation in different density measurements
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Limited density build-up in the divertor

Divertor densities measured by Stark broadening of Hg
— Increased downstream density: nq,, > ny,

> Step forward with respect to W7-AS (except HDH)
— No tokamak-like high-recycling in W7-X: n;,, < nf;p

Comparison to modeling predictions (EMC3-Eirene)

— Density evolution & magnitude seems consistent
— BUT: Density scaling & distribution is different
> no strong effect of island size (fieldline pitch)
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e 1271 + WiXicc=1.0kA ™ S
2 o -5-' *
£ 1.0 4 Q}Q r +
= o -6 —
L] N .E.
0O 0.8 4 \0‘)2’ / °
m Ny + E
S 0.6 A f:. s 4
7] @f;
= !
2 0.4 S
e SBD-limit 5
02 - e a
0.0 ; , : . 1
0 1 2 3 4 5 6
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Reimold IAEA (2023)
Feng PPCF 53 (2011)

Note: Strong variation in different density measurements
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Limited density build-up in the divertor

Divertor densities measured by Stark broadening of Hg
— Increased downstream density: nq,, > ny,

> Step forward with respect to W7-AS (except HDH)
— No tokamak-like high-recycling in W7-X: n;,, < nﬁp

Comparison to modeling predictions (EMC3-Eirene)

— Density evolution & magnitude seems consistent
— BUT: Density scaling & distribution is different
> no strong effect of island size (fieldline pitch)
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Ne,int [M ™3]

Ngiv [M™3]

lcc [KA]

Wendelstein

lel9 30
-2.5
2.0

1lel9

Expectation x2-4 increase
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Limited density build-up in the divertor

Wendelstein

AR

Divertor densities measured by Stark broadening of Hg H
— Increased downstream density: nq,, > ny, -

> Step forward with respect to W7-AS (except HDH) g‘;
— No tokamak-like high-recycling in W7-X: n;,, < nf;p g 10
Comparison to modeling predictions (EMC3-Eirene) :% 81
— Density evolution & magnitude seems consistent nl?_ ,
— BUT: Density scaling & distribution is different C ®

> no strong effect of island size (field line pitch) -
4l

Standard hor. S

Database scaling approach

Nstark[1019m™3] ngfr?t[lolgm_g](lcc [kA] + 1-5)‘°'°7P13£Zt[MW]

6 8 10 12 14
Ne, stark [101° m~3]

Divertor Spectroscopy

F. Henke (Poster)
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Can we understand this?
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Image courtesy of V. Perseo

Scrape-Off Layer transport: The geometry simplified

Midplane

Parallel Transport
Heat
Particles

lonization
Plasma-Neutral
Recombination

Target Volume Processes

& Viscosity

\

7/

A
Perp. Transport
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Scrape-Off Layer transport: The geometry simplified AR

~ Main SOL

Poloidal angle

S
o
c
=
c
o
&)

Plasma

Transport directions
X — Parallel
Y — Bi-normal
Z — Fluxsurf. perp.

X-point Target
Power carrying layer Minor radius
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Wendelstein

Extended Stellarator Two-Point Model AR

Transport directions Recall-
X — Parallel 0, = 1073 W7-X
Y — Bi-normal ® =10"! Tokamak

Z — Fluxsurf. perp.

d (_ 5047\ | ar\| _ .
dy Ke dy dy XNe dy — Jloss

Parallel Bi-normal
@d—y (mnevnz + p) = Siom

Qtar = ¥ Ntar Cs Ttar (1 - frad)
Qup = (1 — feonw)

Main SOL

Poloidal angle

s
o
c

=
c
o

&)

Plasma

Divertor Strong implicit assumptions:
— Fluxsurface perp.transport (z) neglected
— Toroidal symmetry (target conditions)

]

-> Following educational due to limited physics!

—>

X-point Target

Minor radius
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Analyzing the W7-X divertor limits with the STPM AN

Wendelstein

Elements of Density Build-Up in W7-X
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Ty alevl

102 3

W7-X (frag = 0.5)

] = Upstream
1 == Downstream

10° r
1319
1 —— SH-Only (Tok.)
1{}21 |
1{}20
1{}19 T T "_-___--- - ’
1019 1020
ny [m-3] T
d 5 dT d dT
d_y _KeTZGd_y d_y —XMNe d_y = Sloss
Parallel Bi-normal
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Analyzing the W7-X divertor limits with the STPM AR

Elements of Density Build-Up in W7-X

— Target temperature drop at high T, set by SH-heat
conduction

WT7-X (frag = 0.5)

102 3

-~
-

-
“'hh_h-
~

Tll’. o [EV]
I
I

Sputtering Limit

] = Upstream
1 == Downstream

[
-
-
—
- !
—
— i
— H
- i
-
oy
el
-
-

10°

16” I I ' ' = '1dm
—— SH-Only (Tok.} '
1{32‘1
A
E
E 1020
lﬂig T T T - v .EE : E —
1019 1020
n, [m-3]
0.l (_ .5.dT\.| ar\l _ .
dy Ke dy dy U dy = loss
Parallel Bi-normal
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Analyzing the W7-X divertor limits with the STPM AR

Elements of Density Build-Up in W7-X

— Target temperature drop at high T, set by SH-heat
conduction

— T4 drop limited by bi-normal (BN) transport
> Density build-up limited: no high recycling (nzx n
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WT7-X (frag = 0.5)

1 —
102 1 2 -
.::‘ : -'l""lu.___-.
™™
E. ‘-“h
o Sray
s 101 REass
= Sputtering Limit -h-"::"'"--_
] k) ."""*—-...'.;'_:"""":
3 — Upstream ke T e
1 == Downstream ot I
u -
10° ; v v v ; —r——
101 10%
— SH-Only (Tok.)
1021 4 SH & Bi-Normal:
{ =— f,=0

ng [m-3]

10°7 4
] - S
P
1012 : .EE S :
1{]15 1,:)20

5/ 2 Recall:
QK (o) 0; = 1073 W7-X

q. xn @ =10"! Tokamak
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Analyzing the W7-X divertor limits with the STPM AR

Elements of Density Build-Up in W7-X W7-X (frag = 0.5)

— Target temperature drop at high T, set by SH-heat L7 |
conduction 0§ FREzao_
E -.-.2;:;::“‘
o . 210! B —
— T4 drop limited by bi-normal (BN) transport F 7 ] seuttering i ‘~::::::::‘f_:-:_:ﬁ._,,.-____
: : . : . — Upstream R TRY (ah C
> Density build-up limited: no high recycling (ngx n3) ] == Downstream ~~
0 16” I I ' ' - '1dm
— Stellarator pressure losses limit divertor density 1071 Eé’}'fi}éﬂ“ﬁnﬂﬂ‘f*
-> Often strong limitation S " 5
é - fm.‘srangﬂl? T .
E 1020 -
1{]1'} T T . - - EE - EE —
101° 1020

n, [m-3]

fm,Stangeby = A(l'e_TUT*)n
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Analyzing the W7-X divertor limits with the STPM

Elements of Density Build-Up in W7-X

— Target temperature drop at high T, set by SH-heat

Wendelstein

WT7-X (frag = 0.5)

. lDE £ ::‘_‘""'--...____ h T
conduction I ES
E hhz::;z____ -“HH"'-—.__,
. . . : 10! -.zsisz:q___' T ""h-....u:___ .........
— T4 drop limited by bi-normal (BN) transport =] seeingume TSRSz IlITETeeeean
: : . : : — Upstream S T ———
> Density build-up limited: no high recycling (ngx n3) | =~ Downstream el
10T T 10
— Stellarator pressure losses limit divertor density 1071 ES?EE“%; (Tok)
-> Often strong limitation = —  Inre |
i _ m, Stangehy H
1.0 E
= 1027 -
Tokamak _ _ = |
0.8 - Dominant processes different: Bl
- Plasma-Neutral Interaction (Tokamak) 1019 41— LI
0.6 1 . 101° 1040
E Stellarator fm Stangeby= A(]_-e-Tt/T )i o [me3]
o a=1 ' u L
0.4 1 - Momentum Transport (Stellarator)
a
fm,Feng = 7
0.2 '/ —— Stangeby VT
— Feng
0.0 . ' . . Feng NF 46 (2006)
0 20 40 60 80 100

Ta [eV]

Stangeby NF 60 (2018)
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Analyzing the W7-X divertor limits with the STPM AR

Elements of Density Build-Up in W7-X W7-X (frag = 0.5)

— Target temperature drop at high T, set by SH-heat I R
conduction R B e
i’:, --'::::;a.__ qhh"‘*-.____q
. . . : 10! -.:555_-_:..___' T "-u-....._.:_-_ .........
— T4 drop limited by bi-normal (BN) transport =] seeingume TSRSz IlITETeeeean
: : .. : : — Upstream R
> Density build-up limited: no high recycling (ngx n3) ] == Downstream Tl
10T T 10
— Stellarator pressure losses limit divertor density 1071 ES?EE“%; (Tok)
-> Often strong limitation = —  Inre |
1.0 ._é. B
= 1027 -
Tokamak _ _ = |
0.8 - Dominant processes different: Bl
- Plasma-Neutral Interaction (Tokamak) 1019 41— LI
0.6 Stell t _A l TYT*\n 1{)15 1{]20
E € :r: (1:" fm,Stangeby_ (1-e ) n, [m-31
0.4 1 - Momentum Transport (Stellarator)
a
0.2 1 — Stangeby JmFeng = 7 High priority: | |
—— Feng - Determination of pressure loss function required
00 T T a0 100 Feng NF 46 (2006) (challenge for diagnostics in 3D!)

Ta [eV]

Stangeby NF 60 (2018)
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Analyzing the W7-X divertor limits with the STPM

Elements of Density Build-Up in W7-X

— Target temperature drop at high T, set by SH-heat

conduction

— T4 drop limited by bi-normal (BN) transport

> Density build-up limited: no high recycling (ngzx n

— Stellarator pressure losses limit divertor density
> Often strong limitation

— Strong parallel convection compared to tokamaks
> Strong role of convective loss factor f_,,,
> Driven by: ionization, BN-diffusion & drifts (!)

Note: Consistent already with EMC3-Eirene (no drifts!)
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D. M. Kriete NF 63 (2023)
D. Cipciar EPS 2023

C. Killer EPS 2023

S. Ballinger EPS 2023

A. v. Stechow EPS 2023

E. Flom NF (submitted) g
Perseo NF 61 (2022)
Parallel Flows (CIS)
V. Perseo (Poster)
Drift Flows

Wendelstein
Hﬁ
20230307.54 plunge 2 1nwards

//

-0.12

—0.16 1

—0.20 1

..

6.08 6.10 6.12 6.14
R (m)

E, from V, (kV/m)

Vi (V)

S. Ballinger (Talk) C Klller (Poster)
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Analyzing the W7-X divertor limits with the STPM AR

Elements of Density Build-Up in W7-X

— Target temperature drop at high T, set by SH-heat [ == |
Conductlon lDE _ hﬁ“*..,h ,,,.,,,,,,—-1
%' ] hhh“’.‘ i
— T4 drop limited by bi-normal (BN) transport 5 107 o g
> Density build-up limited: no high recycling (nge nj, | — upstream S
1 == Downstream il T SN
100 4— . . . r o C—
1‘]1!31 1'_}}-:1

— Stellarator pressure losses limit divertor density
> Often strong limitation

1 — froa= W7-X

— Strong parallel convection compared to tokamaks
> Strong role of convective loss factor f_,,,
> Driven by: ionization, BN-diffusion & drifts (!)

ny [m-3]

. , , _ Use W7-X radiation scaling
Note: Consistent already with EMC3-Eirene (no drifts!)
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Analyzing the W7-X divertor limits with the STPM AR

Elements of Density Build-Up in W7-X

— Target temperature drop at high T, set by SH-heat

conduction

— T4 drop limited by bi-normal (BN) transport

> Density build-up limited: no high recycling (ngx n3

— Stellarator pressure losses limit divertor density
> Often strong limitation

— Strong parallel convection compared to tokamaks
> Strong role of convective loss factor f_,,,
> Driven by: ionization, BN-diffusion & drifts (!)

Note: Consistent already with EMC3-Eirene (no drifts!)
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Add convective heat transport
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Where do we stand now?

Experiment shows limited divertor density build-up in W7-X
> Particle exhaust limitations (pumping)

> Power exhaust limitations (detachment access)
Different scaling of heat transport in bi-normal channel
— Fieldline pitch & connection length important

Strong effect of pressure losses are present
— Additional processes likely (momentum transport)

Convection (& power starvation) provide additional limits

> Weak(er) density scaling - no “high”-recycling
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Wendelstein

What is the way forward towards a reactor? AR

Using a simplified slab island like geometry to investigate Open Divertor
the role of guiding parameters individually

z [cm]

(IJIosedl Diver'tor

z [cm]

54970 54980 54990 55000 55010 55020 55030

R [cm]
0.2 0.4 0.6 0.8 1.0
ne[cm_3] leld

Density build up (EMC3)
N. Mazziz (Poster)
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What is the way forward towards a reactor?

Using a simplified slab island like geometry to investigate
the role of guiding parameters individually

Promising results recently obtained for a closed divertor

— Better neutral retention & recycling in power carrying
layer
— Less convection (neutral & plasma screening)

— Likely access to more favorable momentum losses
distribution

> More favorable density scaling

MAX-PLANCK-INSTITUTE FOR PLASMA PHYSICS | FELIX REIMOLD | PSI-CONFERENCE | MAY 2024

Ne, g, maxl 10¥m _3]

Wendelstein

AR

20 A

—#&— QOpen Divertor
—#— Closed Divertor

Ne,y[101°m~3]
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Wendelstein

Conclusions A

Experiment shows limited divertor density build-up in W7-X | Parallel T"""“"‘"T"t Perpendicular
> Particle exhaust limitations (pumping) biv | Conduction&Convaction () | B1-namal aiffusion(y)

Volume Processes

> Power exhaust limitations (detachment access)
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Different scaling of heat transport with bi-normal channel
— Fieldline pitch & connection length important
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Strong effect of pressure losses
— Additional processes likely (momentum transport)
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