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6 sigma — Management toolbox based on statistical analysis
for process optimization and quality to handle complex systems

_ * Quality or performance steps one standard deviation apart
Define
/ \ * Ensures efficient step size
» Too small of step has fixed overhead without gain
Control Measure » Too large step might stretch system and bring
overwhelming complexity to meet excessive

requirements

o-level DPMO Yield %
(defects per million opportunities)

1 691 462 31 %
Analyze 2 308 537 69 %
3 66 807 93.3 %
4 6 210 99.38 %
For complex systems often combined with Lean management
) 233 99.977%
» Lean-60, L6s, L60 Efficient process B 6 3.4 99.99966 %

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 3



A priori first principles
put focus on functionality, and enable innovation

A priori first principles are fundamental principles or truths that are know /

without the need for empirical observation or experimentation WHAT 4p o

 Humans are prone to think in analogies. New developments are ofte | APOLLO | iﬁi&
approaches. Linear evolution rather than innovation | ASUC’C@SS? y

 Limits innovation as focus is on trends, technology, form, design | oy

» Maslow’'s Hammer, or Einstellungs bias
Method

4p
'()A-‘{L !
Ay

1. Identify and challenge assumptions (5-Why Method)
2. De-couple problem into first principles

3. Create innovative solution

3. high neutral gas pressure in the sub-divertor region (TMPs, cryopumps)

' Pn * Seff = lexn

Assumption: S is fixed

particle

removal

A priori first principle: Texy[1/S]

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24

4



Magnetic confinement fusion
V-B=0= fﬁ-dﬁ (1)

Hamiltonian system like an incompressible fluid, in 6D-Phase space

Only 3D cross sections visualizable in Poincaré

Ny

Fixed points exist, but only:

Collisionless plasma

,Frozen-in“

7N

X-point (saddle point) O-point (null/fix/center point)

local maxima/minim

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 5



Magnetic field

V-B=0= fﬁ-dz (1)

How can O-Points be created?

Amperes law — Current in conductor, O-Point in conducte-

Amperes law — Current in coil, O-point in coil center

Interference - Overlap of two or more other O-points

Resonance

Chaos

— Rational surfaces of rotational transform

— 2 or more O-points seperated by chaos

—
i

-
e
3

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24
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N ",","j’:
Magnetic confinement fusion — Toroid only closed flux surface for VB = 0\

Poincaré-Brouwer or-hairy ball theorem

AZ

o )
éLine — O-Loop
Magnetic axis

B(y,6,9) = Vi, X VO + Vo x Vi, (41,6, 9)

[Boozer, PhysFluids 1983]

Adapted [Stroht Springer 2018]
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Magnetic confinement fusion — Toroid extends indefinite - Limiter
Scrape-Off Layer SOL

2L.D,

‘e
‘e
.
.
.
‘e
.
.
.

Last Closed Flux SurfaceA 7z

LCFS

o/

|

’ O-Line — O-Loop — OO

Magnetic axis

I, and I'i-mpwith assumed cosine v release distribution B, 6,0) = Vi X VO + Vo X Vii,,(P¢, 6, @)
LC — 27TR [Boozer, PhysFluids 1983]

L.oo = 2TR,

Limiter is Neutral and Impurity Source

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24
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Magnetic confinement fusion — Rotational transform necessary

due to curvature andV B drift

O-Line — O-Loop

Magnetic axis

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24




The divertor - Magnetic 3D Topology of two toroids
.Seperatrix
: S O L }\n, SOL

Neutralizing in plasma toroid:

3
»
5

Impurity source will directly ionize in plasma toroid

decrease of p and operational space

Neutrals surround plasma toroid

‘ CX damage and rrecy,edge

Two toroids necessary!

‘ Low p, \

Divertor toroid:
f High p,

To change toroids, plasma needs to S f

Plasma toroid:

Cross Separatrix, then SOL, then Separatf"i'x agajfn
N

Adapted [Sam Derbyshire - CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=48150195]
MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 10



Coordinates with 1 plasma and 1 divertor toroid

Plasma Toroid LCPFS L¢icprs = fz’(rfp)
p(ap

Divertor Toroid LCDFS L. icprs = fz’(T:D)
D\“D

Separatrix Surface XFS Lexrs = Lcycprs + Lercprs

lp np
tp =——=—
L om (P, b o
= 4TL
¢XFS tp (ap) tp (aD) X-Line — X-Loop

X-Loop conncetion length

Ry + Rp
Lexo = (<)

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 12



SOL particle transport with 1 plasma and 1 divertor toroid

V - v particle transport through:
Diffusive transport:

Fick’s law V-vxn,L,
Neo-classical transport:

MHD V.-%«n? L,
Turbulent transport:

Reynolds V-vxn,L,

Assume V- v all combined as one D,

A _ |LcicprsD1p
nP-SOL = —
0.5 ¢

[Stroht Springer 2018]

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 13



Reactor performance requirements
r =Tq1

HELIAS He?* Birth rate from [S. Lazerson PPCF 2021]

Fusion Triple Product nTt; [102° m3 keV s]

He,exh — o
. . . .
First maximize ngypn.,
108 E
[ J _ F
Then Nscr T]:;cr,Edge T _
e &
T 1 | /1™ FPPdesign pointat p = 15: £
To g I gn pointat p = . =10 ]
p=_— P 2
o TE p=>5 S
© - Q=infinity: Iginitio p>14 Ti ~ 11 keV £
fe———|p=0 S i @ 10™ 3
T _FPP - ] o
o Q=1: Breakeven n1TE ~ 1021 m 3 S =
- {R adiation limit T ma STFTR| R
ratior ™ % |8 "ire0-u 1990 1012 - ]
o > TFTR J];Eiﬂu IJET ®TFTR | Tg = Taa + e—ff 0
= = = DiiD = TFTR 1- Reff) LL
ALC-C ™ "T60 . @)
FT J .TPTRX DIN-D 10: @
To__ ALC-A -8 . - DIIHTEXTJRi 1980 10 G 0.2 0.4 0.6 0.8 1 1.2
o ASDEX * (1 — Nexh T nwall)(l - r|scr) : Normalized Poloidal Radius [r /a ]-._
PLT m . ‘ Ta = Tal + Noan n R T2
= PLT - ex wa H i
X LEL i [Reiter NF 1990] i
= TR TFR H :
0 ‘ L 1970 ! _ .
al T3m @ 60 Goal: Core — burning region Edge
Em—w ) & 1o 2 5 1ot 2 [ 1021%5 34 X 10_6

) Edge — pedestal/screening/radiation

Plasma Temperature [keV] _ (1 —Nexn + leall)(1 - (nscr,Edge +

Adapted [Reiter FSAT 2010]
Nexhn + Nwali
MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 14



Wendelstein

Opertational performance requirements X
Density control

Wendelstein 7-X achievable I, and gy ce

Stable denSity in eqUiIibrium 1.00E+19 1.00E+20 1.00E+21 1.00E+22 [e/s]
* Texn = Msource v| —
smdsaTe — i |
. . Standard TMP+CVP ﬁ
Wall independent density control : |
* Toxn> N
Exhaust limited density control o | |
I-exht < I-waII + rNBI + rpeIIet (+rGas) v
Fueling limited density control
* Tewn > Nwan + T+ Mpetter (FMgas) mp Combine divertor with throttle

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 15



Wendelstein

Guarantee requirements X

* Survive Paiv = Prec,sur{lion.div) * PrecvoilTion.div) * Prad,giv * Pn.div
* Qg < 10 MW/m? (Umax S 20 MW/m?)

e Survive neutron dpa (ITER 0.14 - 2.5dpa; DEMO 70 — 80 dpa)

« T, <10eV (<5 eV W sputtering; < 1.5 eV volume recomb.)
Divertor function: Optimize performance metrics

Maximize I_,;, combined with throttle

MaXI m I e nexh (1 — Nexh + nwall)(l — (nscr,Edge + ))
Nexh + Nwall

=3.4x10-6

Maximize Nser = NserEdge +

Guarantee survival

RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR



ritical toroidal Volumina and Flux Surfaces

) n,PFR
MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KIkEMEYER | 22.01.24 21



Stagnation Point

| -
o
)
| -
D)
2
A
o
)
)

GHOE Core

In

Anprr(Lc)

A,p-sor(Lc)

SOL from Plasma Stagnation po

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 2




Wendelstein

SOL transport Plasma Stagnation to Divertor Stagnation Y
XO

Np.soL (XO) =

I'p I'p I'p
XFR ”O,Cl o ”Dsdam | 4 | 4 ‘

onR\ ‘ n\ Nprr=0 . : . .

redge,out redge,out redge,out
Anp-sor(Lc) —
T
g iz 4 c
S oo 5 XFR
g A prr(Lc) E dge §
& . . e g 60FR
5 Private Flux Region 7
g Core 7
- o
D-O0

LCDFS/2

XO

RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR



Particle exhaust metrics and efficiencies ampere divertor

Sub-Divertor Divertor PFR XO XFR Edge Core
Neutrals Plasma + Neutrals SL widening SL widening Plasma screening Plasma pedestal Burning plasma
radiation screening/radiation

[
0,div, loss Frecy,D_SOL

rO,edge, loss

recy,edge I_rec:y,c:ore

edge,out rcore,out
X0

m rsub-div, loss
r

r

oumpgap recy,div

Unfavorable particles

Favorable particles

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 24



Exhaust efficiencies

Neutrals Plasma + Neutrals SL widening SL widening Plasma screening Plasma pedestal Burning plasma

radiation screening/radiation
-
0,div, loss rrecy,D-SOL

r

0,edge, loss

-

sub-div, loss

- recy,edge I_rec:y,c:ore
recy,div

rpumpgap

edge,out rc:ore,out

Exhaust efficiencies
Particle exhaust efficiency Particle collection Particle removal Particle plugging

Nexh = I_exh/ I_0 = Ncon Nrem Neon = rpumpgap/ r0 Nremoval = rexh / I_pumpgap r]plug = I_recy, div / (ro - I_exh)
D-SOL screening P-SOL screening Edge screening

r]scr,D-SOL = rrecy, D-SOL / (rdiv, Ioss) r]scr,P-SOL = rrecy, P-SOL / (rdiv, Ioss) r]scr,edge = rrecy, edge / (rP-SOL, Ioss)

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24



Resonant divertor do not have a P-SOL




guuuust®
uuunn®® X-Line = X-Loop —XO
. . . . L

XFSw.i% g, Closed in poloidal dimension ‘_“..-- 3
S : IO A Closed in poloidal dimension S =
S Mp-sor(Lc)  o* XO i poloidal plane = .
© > T .
c ¢ MHD breakdown =
g =’
N 7y
h 1 <

-~
-~
-

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY




r Stagnation

closed in poloidal dimension

Ap-sor(Lc)

Lcp_00/2

a®
at®
ut®

XO in poloidal plane

MHD breakdown

et®

-~
-~
-

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY

X-Line = X-Loop —XO

Closed in poloidal dimension




SOL transport Plasma Stagnation to Divertor Stagnation
Diffusion and Turbulent transport through XO-Core

= Nper(XO)

1 1 I_eolge,out A
redge,out redge,out
n
XFES NpsoL Np-soL D-SOL .
‘ r ) n‘ ‘n l ﬂ
nPFRﬂ e PFR} PFR NpEr
r

¢
)

redge,out redge,out edge,out

I—Core, diffusive and turbulent

------Il.......

LC.D—OO/Z ay

&

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 29
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-l.-l“‘-- %

_ XF§ ............. ¢, Closed in poloidal dimension “““.--' X-Line — X-Loop =XO _ .

2 Mp-sollc) o** . B S :

s =i SOFR  cuosea in poloia amension

c C o

8 _redge.out %

7))

? . :

g . Edge rcoreout %

g | S

2 I_edgeout n

e ' ol
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Particle exhaust metrics and efficiencies resonant divertor
Sub-Divertor Divertor PFR XFR XFR Edge XO  Core

Neutrals Plasma + Neutrals SL widening SL widening Plasma pedestal Burning plasma
screening/radiation

0,div, loss

r
<ol e - I edge out
XFR

r

-

pumpgap [

reayyy I rrecy,edge [

% redge,out

sy rcore,out
0,div, loss ro,PFR, loss

baffle

Unfavorable particles

recy,core

pump gap

Favorable particles

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 30



Particle exhaust metrics and efficiencies
Sub-Divertor Divertor PFR XFR XFR Edge XO  Core

Neutrals Plasma + Neutrals SL widening SL widening Plasma pedestal Burning plasma
screening/radiation

XO

r. XFR
0,div-D-SOL, loss

B .
sub-div, loss r
redge-D-SOL,out 0,edge, loss

pu pgap [

recy,div I_recy,edge rrec:y,c:ore
edge-PFR out
r

core,out
0 div-PFR, loss rO PER. loss

Exhaust efficiencies
Particle exhaust efficiency Particle collection Particle removal Particle plugging

Nexh = h/ I_0 Ncoi Nrem Neon = rpumpgap/ r0 Nremoval = rexh / I_pumpgap r]plug = I_recy, div / (ro - I_exh)
D-SOL screenlng PFR screening Edge screening

r]scr,D-SOL = rrecy, D-SOL / (rdiv-D-SOL, Ioss) r]scr,PFR = rrecy, PFR / (rdiv-PFR, Ioss) r]scr,edge = rrecy, edge / (ro,PFR, loss + I_D—SOL, Ioss)

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24



A priori first principles

1.Divert plasma
2.Neutralize plasma
3.Collect neutral particles
4.Remove neutral particles
5.Plug neutral particles
6.Screen impurity particles

7.5urvive

RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR

Wendelstein

AR




1. Divert Plasma Particles

Ampere Resonant
I Plasma Toroid

21R
LCPFS L icprs = tPT(Ta:)
Divertor Toroid '
27TRD
Interferent LCDFS L¢icprs = (D)

Separatrix Surface XFS
Lcxrs = Lecprs + Leneprs Chaotic
Rp Rp

L =2 +
XES = ST\ o(ap) | tp(ap)

X-Loop conncetion length

Ry + Rp
Lexo = (<5 )

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24

Wendelstein

s

Plasma Toroid

2R
LCPFS L;icprs = fp?a:)
Divertor Toroid
= 2 [Rpbm
ap = f;) m
LCDFS  Lescprs <52

33



Wendelstein

2. Neutralize Plasma Particles F Y

Only Neutral particles can be exhausted
« Surface recombination on target, Precsurt = Niondiv ((YTe)+ (2o Vion2)+€i)
« Particles released in cosine distribution and reflection

- Volume recombination, no/less heat and particle load on target, T,;< 1.5 eV, MAR ~n,,n,, EIR ~ n.3

« Particles released isotropic

Charge exchange

+ Prad,div 1e-14 +

_ Prec,surf

Qdiv =

Awetted r
1e-15+
1e-16
1e-17

<o v>[m3sT]

1e-18
1e-19“g

Temperature [eV]

[Ralf Schneider]
MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 34



3. Collect Neutral Particles
- Direct collection  Only if dg| pg < [

Optimize cos @ umpgap

* Indirect collection Build up neutral pressure
Small divertor volume p = n/V
Keep neutrals neutral

No recycling if not necessary
Optimize 1 — coS Q@i crs

« Continous flow Driven by pressure gradient

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24

Wendelstein

AR

35



Wendelstein

4. Remove Neutral Particles F Y

rexh = pO,sub-div Seff
S through Turbo Molecular Pumps or Cryo Pump

Decrease I-sub-div, loss

* Molecular flow Directed reflections with pump gap pannel, Funnel

Turn pumpgap into one-way

« Continuos flow at pumpgap Minimize Kn =

Q| ~

RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR



Wendelstein

5. Plug Neutral Particles X

Block escaping neutrals

— Relevance decreases as n.,;, Increases

« Hardware (Balffles): Thermal loads
« Re-lonization: He is the hardest to ionize,

minimize A, e, To 2 100 eV, ~ n,

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 37



Wendelstein

6. Screen Impurity Particles X

Maximize 1. page + minimize A T.2100 eV, ~n,

1z,He?

Minimize inward impurity ion transport

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24 38



Survive

Wendelstein

AR

Exhaust heat necessary for particle exhaust — Possibly radiate rest

« Surface recombination on target

« Volume recombination in front of target

« Radiated power

* Neutron power

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | THIERRY KREMEYER | 22.01.24

Radiation location and stability:

X-Point vs homogenous island radiation

39



Wendelstein

Target design X

» 1D 21D RS>

Controling L., controls )
D

Ayettea = Mp-sor(L¢) + Anp—_sor(L¢) Ibatrie = 2 Aiz,pie

- |
e
e
© 1a
c D
(@)]
©
)
U: lreflection =
g lrec,surf
(]
=
(@)
D-O0 LCDFS/2 R
Pumpgap XO
< __________________
MAX-PLANCK-INSTITUT FUR PLASMIAPHYSIK | THIERRY KREMEYER | 22.01.24 40




D-O

Target design

High recycling regime —yes! n, vs Ny,

But do not maximize recycling, full recycling! It negates pumping!

Charge exchange —
1e-14¢ P 1
'7: 1e-15h, ne[m-3] lonization ]
€ Y de1s
L 1e-16
: 5
o 1175 Fr ..
A\ ':\:. 4 .
1e-18+ = 3
3 = Recombination
te19t o 1] N\
L =~ ™ Om
1 10 100

Temperature [eV]

O Divertor Stagnation

lpattie = 2 )‘iz,He

Anp-soL(L¢) \

MAX-PLANCK-INSTITUT FUR PLAS

RPHYSIK | THIE

RY KREMEYER | 22.01.24

—4Minimum A,
Aa
Y onizatio T, =100 eV
lreflecti
c,surf r
lo
LCDFS/2 N
XO
___Pumpgap_____ >

a1




¥
O

M TR
. 1e-14 ¢ - 1
Tar g et d eS I g n - 1e-15+ X e lonization ﬁ

1e-16

1e-17 =

<ov>[m3sT]

1e-18
1e-19+

1 10 100
Temperature [eV]

lpatie = 2 Aiz e
)\n,D—SOL (LC) (
7/

- i ) ¥
S lonization

g A aD ’

(@)]

8

UJ lreflection -

*8 lrec,surf

S

(@)
O LCDFS/2 N

Pumpga XO
€—-——— === p—g— E —————— >
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¥
O

Charge exchange — %}(ﬂdelstein
1e-144 = 1
2 o lonization
1e-15 1,

lonizing target

1e-16
1e-17 =

<ov>[m3sT]

1e-18
1e-19+

1 10 100
Temperature [eV]

lpatie = 2 Aiz e
)\n,D—SOL (LC) (
7/

- i ) ¥
S lonization

g A aD ’

(@)]

8

UJ lreflection -

*8 lrec,surf

S

(@)
O LCDFS/2 N

Pumpga XO
€—-——— === p—g— E —————— >
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Charge exchange — %}(ﬂdelstein
le-14+4 P 1 ——

Target design T s i g
E 1e-16 R
Put many neutrals in plasma path: high p, or Lg Pl

1e-19+ &

Temperature [eV]

lpattie = 2 AizHe
)\n,D—SOL (LC) (

. lonization ‘l

lreflection

O Divertor Stagnation

D-O

LCDFS/2 N

____Pumpgap_____. N XO
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Fully volume recombining divertor
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Wendelstein

AR




Design maxims

« Open communication is essential! Divertor will be designed in many meetings

« Focus on mission, not on technology

Define clear requirements and ensure common understanding

Wendelstein

AR

Physicst - Engineer need to understand each others requirements from the beginning

Avoid diluted structure of small independent groups
One supplier/tool, avoid 5 things that do the same
 Buildable in large quantities, not just once
« Keep it simple — simplify as much as possible!
Only do whats necessary
As accurate as necessary, as inaccurate as possible
Any avoided component can‘t fail
Best weld is no weld

« Where you can‘t avoid risks, communicate them cleary, do not compromise your standards, and

double down on mitigation
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Wendelstein

Conclusion AN

A PRIORI FIRST PRINCIPLES
o _ _ _ _ o 6-SIGMA APPROACH
FPP magnetic field will need at least 2 toroids — include in optimization!

Divertor performance has been resolved to: Dl plasiine pernieles
o ) ] 2. Neutralize plasma
 Maximize I',,;, combined with throttle particles
.. . 3. Collect tral ticl
e Maximize fp Pedastal achievable by . R° eet et ;a lpar 't‘_: ?S
— — . emove neulra articles
. 3 V-B(LCPFS) > V - B(66FS) g
e Maximize Qg = Nscr,Edge + 5. Plug neutral particles
: ) . LC'LCPFS >> Lc’6GFS 6. Screen impurity particles
Divertor metrics have been defined  survive
. urviv

« L, has direct impact on recombination, A,..q any V- v mechanism, thus pedestal creation
« Short connection length mpNarrow Strike line Too long mptransport into Divertor O-loop

« Outer midplane is ideal divertor position V-Y(Lcxo) >V-v(ap) >V -v(¢p(ap))

Lexo = (757)

+ Chaotic divertors can offer extreme L. xo @s second toroid can be outside of coils

Rp + &,

 Fully recycling neutral flux will negate pumping, but recyling between baffles plugs the divertor!
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Design Science Research

Environment

Wendelstein

Knowledge Base

Reactor

T*

£ < 10-15
E

p =
Power density

Remote handling
Material science

Wendelstein 7-X

Density control
Spatial boundari
Magnetic flexibili

T

Relevance Cycle

* Application

Technology

Cost reduction by

N Standardized TM
Flexibility, Moveable target
Decrease V,,sma » iNCrease Vp;,

People

* Needs
* Requirements

Design
Develop/Build h
— First principles
- Theories )
2 2
¢ g

(" Evaluate/Justify )

Analytical
Simulation

Roles
Capabilities
Characteristics

Experimental

Foundations

— First principles
Theories

Models

Rigor Cycle

* Applicable
Knowledge

Methodologies
Data analysis

Key metri051 NExh: Ncolls TReml:
nPlug:---
Validation criteria
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Accelerated Design cycle -
Reduced complexity by de-coupling problems

Scope of this project

Analytical cycle (hours) Accelerated modeling cycle (days)
2D Target

/ \ = ST \
i coleeton : EMC3 light
Refine Refine Amits simple
o model

/ /

COMSOL
<

Sub-divertor
removall

Neutral

buildup Review addition:

Heat loads and

l
d <«

1-cos @Ppilasma

Kn =

flow regime

Modeling Tools
SHFP (Simplified Heat-Flux Prediction)™ Strlke ||ne & heat |OadS

Wendelstein

AR

Intensive modeling cycle (w/m)

EMC3-
EIRENE

Refine
\ )

DIVGAS
e

3D CATIA

Review addition:

Plasma/Neutral
interaction

Detailed sub-divertor
leakage

Plugging

EMC3 lite
COMSOL
ANSYS
EMC3-EIRENE
DIVGAS

- Strike line & heat loads

- Multiphysics, capable of cross flow regime neutral modeling

- Molecular neutral flow, by thermal calculation proxy

- Plasma + Neutral interaction; BGK Approximation for self collisions
- Only neutrals, no BGK approximation, needs EMC3-EIRENE input

Speed
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SKIT Maxeuanciinsur

Karlsruher Institut fiir Technologie

Divertor A Priori First Principles: Part Il
Measurement and Analysis of Wendelstein 7-X’s
first resonant divertor

Wendelstein e Thierry Kremeyer?, V. Perseo?, D. Boeyaert?, F. Reimold?, V. Winters?, S. Lazerson?, S.
e , ‘ / . Drager?, C. Day?, C.P. Dhard?, Y. Feng?, E. Flom'2, Y. Gao?l, V. Haak?!, Y. Igitkhanov3, M.

Jakubowskil, C. Killert, M. Krychowiak?, D. Naujoks?, G. Schlisio?, C. Tantos3, S.
e~ ig3 i 1
/,f5\\ - Varoutis®, H. Viebkel, and the W7-X Team

{(_J) EUROfusion

1 Max Planck Inst. for Plasma Physics, 17491 Greifswald, Germany
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the European Commission can be held responsible for them.
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~99% of particles neutralize on divertor target

% Of I'Recycling Arrives at
the heat shield

- [V. Winters, PPCF 2021]
u=tf

BQRY KREMBYER | 22.01



Wendelstein

Particle collection with an open carbon divertor X

lonization confinement

Neutralization SOL
Transport

Particle Wall
collection pumping

Particle collection:

Pumpgap opening ~ 68°- 90° ~7.3 % Of I'rarget Only particles that dont

Exhaust

EMCS3-EIRENE 4.0 % of I'rarget lonize on the way, make
it to pump gap
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Wendelstein

Particle removal and sub-divertor leakage N

DIVGAS modeling

lon

l-‘Leakage

L Neutral

S—

GED) Core
lonization confinement
. Standard conf. (3D model) Neutralization SOL
— 22 - Transport
I'on target — 5.2xX10%“1/s 1
—_— 0 £
=4 % I‘lon target \
. Particle Wall
IExhaust = Pn X Seff . 75% leak through Pumpgap collection
IExhaust = .
o M _ =l el s "o B
FLeakage = — FExhaust Out b1 D2 D3 > W3 WA WS C E F G Pum
I‘Leakage
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Continous flow minimizes leakage

Wendelstein

AR

How to access continous flow regime? l.c = OKA ds;_pec=12.1cm

u ‘ _ ICC = 2kA dSL—PG =6.2cm
X AL L4 E —‘:—;*:oF

Ving ¥ AR — * Increase pump gap pressure o _

Shifting SL as close as possible to PG
« Shifting strike line closer to pump gap Increase of ppg ~50%7?

Molekulare Strémung Knudsenstrdmung  Kontinuumstrémung
n>0, 001 <Kn< 05 < ° . .
:och-olzllra)\ochvakwm Feinvakuum zlnob::il?t:um IncreaSIng denSIty

[www.pfeiffer-vacuum.com]

Kn = dpc = 90 mm

Knuds |Contin

U.S51 U.U40

LI

* Change the target geometry

- M N1

(WRVIVIVA

o
o
o

Pumping gap neutral pressure [Pa]

o
o
)

o

o

N
1

o

o

w
1

o

o

N
1

o

o

-
1

fraq < 0.45
Pn=-0.0060 + 0.0609-71 _

0.2

06 08

Line averaged ne [102° m~3]

[V. Perseo]

N w A o o
Pecrr [MW]

-

o
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Re-ionisation shows good plugging

—Total Recy lon. Recy - Baffle -~Main Gas
L —lon. Recy - H-Divertor—lon. Recy - HFS Main Ch.--'Divertor Gas 9
——lon. Recy - V-Divertor —-lon. Recy - LFS Main Ch. —ﬁe
8
B 7
e o
E
5 «
Tl
I IR
3
I HFS-MC 11% 1,
V- Divertor 18%
1
, ik akall v ool ! : \ 0
0 1 2 3 4 5 6 7 8
- . [T. Kremeyer, NF 2022]
Tlme [S] ID 20181010.010
Experimental EMC3-EIRENE
= 0) = 0)
r‘Plugging =85% rIPIugging =96 %

HFS-ionization = 11 % Poloidal losses = 2.5 %

LFS-ionization =4 % Toroidal losses = 1.5 %
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1.00 1

0.75 1
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—0.50 1

Wendelstein

AR

EMC3-EIRENE
modeling lon
P 10 Neutral
| m—>

-5)

nHy [m

Core
confinement

SOL
Transport

(Re-)
lonization

1015

5.5
R [m]
[V. Winters, PPCF 2021]

5.0

6.0

. Neutralization
Neutral particles

escape

poloidally and

toroidally from Particle _—
divertor collection pumping



Wendelstein

Full magnetic flexibility at effective, but in-efficient exhaust Y

« Particle collection dominated by pump gap opening
angle to strike line

 Sub-divertor leakage dominated by pump gap
 Exhaust and Wall source at same order

« Good plugging, despite toroidally open divertor
« Stable detachment opens up neutral channels

« W7-X detachment decreases particle flux towards
divertor Attached mmp Detached

[on divertor = 909 % Tion \ Ion divertor decrcgases 60 %
=4 % Lion target = 12 % Ion target

NIRemoval — 6%

NExhaust —< 1% Ion divertor ' IZ

NPlugging = 85 % Ion divertor 8§

n Plugged

58
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Wendelstein

2D Target cross section of ,standardized” sections N

[
Baffle o é
*/f
<R
//_.--l-

Targets o

 Build up neutral pressure

Optimize 1 — cos @ crs

« Block escaping neutrals

Hardware (Baffles) !Thermal loads!
Re-lonization

« Direct collection
Optimize cos Qpumpgap
CVP ideally normal to target

- 7 Smallest possible angle?
/

CVP \ A

« Smallest possible radius?

Baffle '
Dome/ Double Baffle B
: : L min= 2*A;, or 2*1

Targets 59
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Wendelstein

Exhaust optimized, reactor relevant divertor target geometry N
for W7-X based on a first principles, design science research
approach

« Maximize particle exhaust
— Throttle makes exhaust an active control parameter

 Reactor relevance
— Evaluate design at higher power densities (30MW?)
— Feasibility of remote handling in future

« Decrease design cycle time
 Decrease cost
— Utilize standardized target module, developed in parallel

— Smaller?
— Uncooled? (Allow for 30s, 1 min, 5 minute,? minutes operation)

 Retain magnetic flexibility
— Moveable targets?
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O-point

Hommen, G. "Development of a dynamic model of
magnetic islands in fusion plasmas."
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