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ITER, Wendelstein 7-X und DEMO - aktueller
Stand der Fusionsforschung

Robert Wolf
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Fusion — Energiequelle der Sonne

tMiIIiarden bar

Verschmelzung von 4 Protonen .
(Wasserstoff) zu Helium O

ABER: Wasserstofffusion ist
extrem (!) ineffizient
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Fusionsreaktionen fa W
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Fusionsreaktionen ﬁ W

Tritium

Helium
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Fusionsreaktion mit hochstem Wirkungsquerschnitt @ W

Tritium

(p

Deuterium
108-mal energy per mass
than in chemical reactions

Steam

Steam turbine

Electricity generator
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Wendelstein

Fusionsreaktion mit héchstem Wirkungsquerschnitt i

Tritium

Tritium has to be bred

Deuterium

Closed
tritium cycle

Tritium

Lithium 6
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Rohstoffe sind Deuterium und Lithium ﬁ W

Tritium Fusion N

0 D+T —>He+n +17.6MeV
n+6li_—>He+T + 48Mev ( LCWu > 0.3kg/Tag

D+6Li —2He +22.4 MeV )

Kohle

6
C+0, —CO,+135eV } 1 GWy, © 10°kg/Tag

Neutron_ °

A

Deuterium
Helium

Closed
tritium cycle

Tritium

Lithium 6
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Energie aus Fusion ~— i

Development of a new primary energy source on the basis of magnetically confined
fusion plasmas

Small fuel consumption
— 3 GWy4, correspond to ~ 1 kg (D and Li) per day

Abundant fuel resources (D and Li)

Advantageous environment and safety properties
— No CO,-production

— No non-lived nuclear waste
e Plant size ~ 3 GW,, or ~ 1 GW,
— Size of a base load power plant Quelle EUROfusion

— Suitable for large cities or energy intensive industries

— Heat source in a renewable economy

22.10.2021 Herbstsitzung AKE der DPG 9



Inhalt

22.10.2021

* Energie aus Fusion
» Magnetischer Einschluss

« Stand der Fusionsforschung

o Auf dem Weg zu einem Fusionskraftwerk

e Fazit und Ausblick

Herbstsitzung AKE der DPG

Wendelstein

N

10



Magnetischer Einschluss

Ignition

Heating from fusion reactions has to
compensate losses (perpendicular to the
magnetic field):

« Radiations losses (impurities,
bremsstrahlung, ...)

e Heat conduction and convection
(binary Coulomb collisions, turbulent
transport)

22.10.2021
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Magnetischer Einschluss

Q = Pfusion / Pheating >>1

Heating from fusion reactions & external
heating has to compensate losses
(perpendicular to the magnetic field):

« Radiations losses (impurities,
bremsstrahlung, ...)

e Heat conduction and convection
(binary Coulomb collisions, turbulent
transport)

22.10.2021
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Wendelstein

Toroidale Magnetfeldkonfigurationen D

Tokamak (2D) Stellarator (3D)

Grafiken: IPP
Grol3er Teil des Magnetfeld durch
Plasmastrom ~MA (transformatorprinzip) Magnetfeld im Wesentlichen durch externe Spulen
Weiter entwickelt, aber gepulst; stationarer Vorteilhafte Eigenschaften fiir ein Kraftwerk (intrinsisch
betrieb unter Effizienzeinbulien stationar)
ITER ist ein Tokamak Wendelstein 7-X ist ein Stellarator
Zum ersten Mal (kontrollierte) Nachweis, dass Plasmaeigenschaften Kraftwerks-

Energieproduktion mit Fusion anforderungen erfillen (keine Verwendung von Tritium)

22.10.2021 Herbstsitzung AKE der DPG 13



Fusionsbedingungen

Plasma stability

P
—_ Y <5
g B2 /20 — &

Because of technical reasons B ~ 5T

(superconductivity, mechanical forces)

p < dbar

Together with optimum temperature range
(D-T-reaktion) ~10 keV it follows

n ~ 10%m =3

From power balance triple product can be derived
(D-T fusion)
nTrg > 310 keVm™3s

With n and T one gets (measure for heat insulation)
TR > 38

22.10.2021
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Wendelstein

N

Q= I:)fusion/Pheating ~ 30
und 7= ~3S
Ptusion ~ 3 GW

thermal —

I:)electric ~1GW
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Fusionsbedingungen

Plasma stability

P
—_ Y <5
g B2 /20 — &

Because of technical reasons B ~ 5T

(superconductivity, mechanical forces)

p < dbar

Together with optimum temperature range
(D-T-reaktion) ~10 keV it follows

n ~ 10%m =3

From power balance triple product can be derived
(D-T fusion)
nTrg > 310 keVm™3s

With n and T one gets (measure for heat insulation)
TR > 38

22.10.2021
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Achieved
T>10keV v
n>10% m-=3
7=~ 1 sec
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Fusionsbedingungen
Plasma stability 7
’ = B =

Because of technical reasons B ~ 5T
(superconductivity, mechanical forces)

p < dbar

Together with optimum temperature range
(D-T-reaktion) ~10 keV it follows

n ~ 10%m =3

From power balance triple product can be derived
(D-T fusion)

nTrg > 310 keVm™3s

With n and T one gets (measure for heat insulation)

TR > 38

22.10.2021
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Wendelstein
. . . . 7-X §
Fortschritt Fusion: Tripel-Produkt i
103'§ | ' | ' | ' ! _—
- O Triple product (10%° m3 s keV) ore e
102k O No. of transistors per processor 25 umo ITER
E S rowerb6 —_—
= (107) PR\ ¢
i (g X Core 2 Duo T
10'F
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o'k Pentium 1 | 4orders of
i | magnitude
102 ® 3
10-3:_ T3 Moore's law Jv
i 400‘,‘ , | , | , | , | | Courtesy R. Kleiber
10 1970 1980 1990 2000 2010
Year
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Stellarator > Tokamak — Tokamak & Stellarator

Lyman Spitzer mit
Figur-8 Stellarator
(1951)

22.10.2021 Herbstsitzung AKE der DPG
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Wendelstein

Stellarator —» Tokamak — Tokamak & Stellarator a

Erreichen fusionsrelevanter Temperaturen
im Tokamak T3 (1969, Kurtschatow-
Institut, Moskau) fuihrt zur schnellen
Weiterentwicklung des Tokamakprinzips

5 () A
\ b ' ;
e .
- B,
\ - A

alltheworldstokamaks.wordpress.com/gallery-of-external-views/t3/
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Wendelstein
7-X

Stellarator — Tokamak — Tokamak & Stellarator A

Joint European Torus (JET), groltes derzeit

laufendes Fusionsexperiment
https://de.wikipedia.org/wiki/Joint_European_Torus

Plasmavolumen ~ 100 m3
Magnetfeld ~3T (Kupferspulen)
Plasmastrom ~3 MA

22.10.2021 Herbstsitzung AKE der DPG 21



1 Sek
4 MW Fusionsleistung

16 MW Fusionsleistung
fur ~5 Sek

fur ~

1 - -
3
@
=
=
L
g
4

E_ummmmmmmmmﬂ k :

https://de.wikipedia.org/wiki/Joint_European_Torus

JET von innen




RGntgenemission
100 Mio °C

T~
P. Mantica et al 2015 Proc 42nd EPS

Konferenz Plasma Physik P1.101

109 s

JET #85307, t

aEsas mm_m.nmﬁwmﬂi &
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Stellarator > Tokamak — Tokamak np\ W

www.iter.org/album/Media/4 - Aerial - Dezember 2018 Copyright: ITER Organization

B Fines der groten F&E Projekte weltweit

ITER-Partner reprasentieren die halbe
Weltbevdlkerung und 80% des Welt-BIPs

22.10.2021 Herbstsitzung AKE der DPG 24



Stellarator — Tokamak — Tokamak —~ W

Copyright: ITER Organization / EJF Riche

— PIésrhaVqumen ~ 800 m3

= Magnetfeld ~6T (supraleitende Spulen)
Plasmastrom ~15 MA

Zum ersten Mal brennendes Fusionsplasma
500 MW Fusionsleistung tber ~10 Minuten

Peusion ~ 10%P Heizung

- P . B Inbetriebnahme ab 2025
vsng”v.ih{g.ﬂg_rg/éﬂ%ung/Media/A- Aerial - Mai2021 FUSi0n3|eiStung > 2030
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Stellarator > Tokamak —

22.10.2021

Wendelstein 7-X

Magnetfeldstarke
3T

Supraleitende Spulen
70

Kalte Masse / Gesamtmasse
425t/ 700t

Plasmavolumen
30m3

Plasmadauer bis
30 Minuten

Heizleistung
10 MW

Maximale Warmeflusse
10 MW/m?2

Stellarator —~

Grafik: IPP
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Stellarator > Tokamak —

22.10.2021

Wendelstein 7-X

Magnetfeldstarke
3T

Supraleitende Spulen
70

Kalte Masse / Gesamtmasse
425t/ 700t

Plasmavolumen
30m3

Plasmadauer bis
30 Minuten

Heizleistung
10 MW

Maximale Warmeflisse
10 MW/m?

Stellarator

Herbstsitzung AKE der DPG

Wendelstein

IPP, Foto: Bernhard Ludewig
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Stellarator > Tokamak —

22.10.2021

Wendelstein 7-X

Magnetfeldstarke
3T

Supraleitende Spulen
70

Kalte Masse / Gesamtmasse
425t/ 700t

Plasmavolumen
30m3

Plasmadauer bis
30 Minuten

Heizleistung
10 MW

Maximale Warmeflisse
10 MW/m?

Stellarator —~

IPP, Foto: Bernhard Ludewig

Herbstsitzung AKE der DPG 28



Wendelstein

Stellarator — Tokamak — Stellarator N

Wendelstein 7-X

Bereits der Bau einer solchen
Anlage ist ein Forschungs- und
Entwicklungsprojekt

10 Jahre Montagedauer
(2005 - 2014)
www.youtube.com/watch?v=
MJpSrgitSMQ

IPP, Foto: Wolfgang Filser
22.10.2021 Herbstsitzung AKE der DPG 29



Stellarator — Tokamak — Stellarator —~

Wendelstein 7-X Plasma 30 sec = 30 min

. . § g — _[_ —r ] I T ] hea_ting pc:wer )
HelZIelstung % 4 —/ "' — - radiated power| |
Abgestrahlte Leistung £ 2;--" ]

off 1 } : 4 4 t
12t plasma density [
Plasmadichte 9_}5 5 [E
= 4} .

" }
Temperatur = -
(Elektronen) < j

Plasmaenergie

max. temperature [~
= = mean temperature| |

Wandtemperatur
(hochbelastete Teile)

ty,, [°C] W, M)
coo
[ s )

T T 1 I-“ﬁi__ T T
1 ] 1 1

10 15 20 25 30 FOtO IPP

time [s]
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Aufbau einer Fusionsanlage —~ W

» Magnetically confined fusion plasma
 Plasma facing materials

» Heat and particle exhaust
 Breeding blanket

 Plasma / vacuum vessel

* Remote maintenance
 Superconducting magnetic field coils

* Cryostat vessel

o Auxiliary systems & diagnostics
— Plasma start-up
— Plasma heating
— Current drive
 Fuel cycle
— Plasma fuelling

https://www.iter.org/
newsline/255/1481

— Gas exhaust o Final Report of the European Fusion Power
— Isotope separation Plant Conceptual Study EFDA(05)-27/4.10
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Magnetischer Einschluss — il

Energy confinement / transport
 Confinement scaling (engineering approach) 10.00

C 7R
« Discovery of H-mode Shsahst ITER: e ~ 45 | o 7 F
« Internal transport barriers [ e
» Confinement optimization of stellarators 00 4
. | ITER
: JET
@ ASDEX»
g |
0.10 :
|
|
T O A0-40 70.90 p—0.65 11.90 ,0.20,,.0.80 ;30.05,,0.30 |
I L I
GrofRer Radius (m)
0.01 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII

0.01 0.10 1.00 10.00
T ()
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Wendelstein

Magnetischer Einschluss o~

Energy confinement / transport

» Confinement scaling (engineering approach)
* Discovery of H-mode

e Internal transport barriers 1ol

ASDEX Upgrade

B

» Confinement optimization of stellarators =
v
| (Lo.rg?dﬁjﬂ
(#1357 2, 1=1.85)
o
lon temperature in ASDEX Upgrade _ h'“""n....
L-mode plasma ol ey
@ 5 MW heating power _ 1ok

L-mode

£
=k
= o . | | |

0o 02 04 06 08 10
P
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Wendelstein

Magnetischer Einschluss —~

Energy confinement / transport

ASDEX Upgrade

: : : : 5= Exa
» Confinement scaling (engineering approach) -
« Discovery of H-mode - HO‘?SC[’MEJ
* Internal transport barriers 10k e |
» Confinement optimization of stellarators s | 7.6 % T(Lmode) '
% L-mode . |
T [03TM) i
(#1357 2, 1=1.85)
e, e
lon temperature in ASDEX Upgrade *ee0_ v
H-mode plasma N Ifhl""l"l'l-l-:-
@ 5 MW heating power 1ok - - - -
Confinement improvement by £ 4t
factor of 2 = LT
- OE—W

F Wagner et al 1982 Phys. Rev, Lett. 49 1408 0O 02 04 05 08 1.0
F Wagner 2007 Plasma Phys. Control. Fusion 49 B1 P
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Wendelstein

Magnetischer Einschluss —~

Energy confinement / transport ASDEX Upgrade

» Confinement scaling (engineering approach) g e |TB(0.45 nJj
. i @ L-mode edge
* Discovery of H-mode ! 16701, 1085
e Internal transport barriers ol d
» Confinement optimization of stellarators < ' & '
LT
e [ L-mode
- <[ (0.37 M)
I~ (#13572, 1=1.0:) 7]
| Te.g \
lon temperature in ASDEX Upgrade | oo,
Internal transport barriers ol . | i
@ 5 MW heating power :

oo 0z 04 0B 08 1.0
R Wolf 2003 Plasma Phys. Control. Fusion 45 R1 P
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Magnetischer Einschluss — i

Energy confinement / transport

» Confinement scaling (engineering approach)
* Discovery of H-mode

o Internal transport barriers

» Confinement optimization of stellarators

Turbulence and turbulence suppression
(by sheared flows) plays a major role in
plasma transport

I

Prediction of turbulent transport (based on
gyrokinetic theory) requires supercomputer

22.10.2021 Herbstsitzung AKE der DPG 36



Magnetischer Einschluss

Energy confinement / transport

Discovery of H-mode
Internal transport barriers

1.4 * Thomson scattering b 35

3.0
25

2.0

T (keV)

15

n® (x1020 m-§)

1.0

0.5

0.0

22.10.2021

Confinement scaling (engineering approach)

Confinement optimization of stellarators

+ Thomson scattering
* ECE
* CXRS

0.0 0.1 0.2 0.3 0.4 0.5

r(m)
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Demonstration of reduced neoclassical
energy transportin Wendelstein 7-X
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[®]check for updates

Research on magnetic afhigh pl has theul

goal ofharnessing nuclear fusion for the production nra[e(mm)- Although the
tokamak'is the leading toroidal magnetic-confinement concept. it is nat without
shortcomings and the fusion community has therefore also pursued alternative

cﬂnceptssuch" h Unlike ic tokamak possessa
(20 ic iel v. The availability of this additional
opensup i gurationspace for i

optimization of both the field geometry itselfand the current-carrying coils that
produce it. Such an optimization was undertaken in designing Wendelstein 7- x

{W7-XF, alarge helical-axis adv: d {HELIAS), which beg; in
20|5a((.m:rswald,cermzny..Amajmdnwba:karmm:gneucﬁeldgeomeny.
however.is that itintroduces a stron, eintothe stell s

non- turhu\cnt ‘neoclassical’ energy transport. Indeed, such energy losses will become
reactorpl astrong reduction of the

genmm:a\ factor associated with this transport can be achieved; such a reduction

was therefore a principal goal ofthe design of W7-X. In spite uflhemudesl heating

power currently available, W7-X has already been able to achieve hi

plasma conditions duringits 2017 and 2018 experimental campaigns, producing

record values of the rusmn triple product for such stellarator plasmas®*. The triple

productof pls e ure and time is used in
fusion researchas a figure of merit, as itmust attain a certain threshold value before
net-energy-producing aperation of a reactor becomes possible™. Here we
demonstrate that such record values provide evidence for reduced neoclassical
energy transport in W7-X, as the plasma profiles that preduced these results could not
‘have heen obtained in stellarators lacking a comparably high level of neoclassical
optimization.

Inthe quest for a viabl reactar, ¢ ion of the pl thu y in fusion plasmas but must be simultaneously con-
o e shows that -regardless of the. concept—  sistent wi lerable level of energy transportif the required 7, is

a nummumv:lueu{thelmnmpk pmdu(l liTr.,mustbnttalned to be achieved.
eforen “Here.nis  Toroidal magnetic confinement of fully jonized fusion plasmas
Iy, Fisies . i J m

time, defmdb} therauu WP, mivzm H’lsthe stored plasma energy
and,

..ur.h( s fusionreactivity provi ilelit
constraint; for i i this reactivity Falls rapidly
belowa temperature of 10 keV {=1.2 = 10° K). High temperatures are

axisof p
dally as they encircle the major axis toroidally, tracing out magnetic
flux surfaces in the course of numerous transits about the device.
For a tokamak these toroidal and poloidal components of B are pro-
vided, respectively, by planar current-carrying coils situated outside
the plasma and by a toroidal plasma current induced with a central

Max Hanch:

EY——

C. Beidler et al 2021 Nature 596 221
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Magnetischer Einschluss

Energy confinement / transport

Discovery of H-mode
Internal transport barriers

b W7-X standard
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22.10.2021

ﬂGU"‘Pl'Hal

v

2.5

2.0
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Confinement optimization of stellarators
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reactorpl astrong reduction of the
genmm:a\ factor associated with this transport can be achieved; such a reduction
was therefore a principal goal ofthe design of W7-X. In spite uflhemudesl heating
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plasma conditions duringits 2017 and 2018 experimental campaigns, producing
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productof pls e ure and time is used in
fusion researchas a figure of merit, as itmust attain a certain threshold value before
net-energy-producing aperation of a reactor becomes possible™. Here we
demonstrate that such record values provide evidence for reduced neoclassical
energy transport in W7-X, as the plasma profiles that preduced these results could not
‘have heen obtained in stellarators lacking a comparably high level of neoclassical
optimization.
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Wendelstein

Magnetischer Einschluss N

Particle confinement
 Plasma fuel (D, T)

» Helium exhaust
 Impurity confinement

Fast ion confinement (3.5 MeV a-particles)
» Essential for self-heating of the plasma

* Essential not to damage plasma facing
components

* Difficult to achieve in stellarators

Stability
o Limits plasma B = B2/2;,

* Biggest issue in tokamaks are current
disruptions occurring when reaching
operational limits Courtesy J. Proll Drift optimized

Not optimized
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Magnetischer Einschluss

Particle confinement
 Plasma fuel (D, T)

» Helium exhaust
 Impurity confinement

Fast ion confinement (3.5 MeV a-particles)
» Essential for self-heating of the plasma

* Essential not to damage plasma facing
components

* Difficult to achieve in stellarators

Stability
o Limits plasma B = B2/2y,

* Biggest issue in tokamaks are current
disruptions occurring when reaching
operational limits

22.10.2021

1 ,
Pfusion — Z / n2 <GU> Efusiondv ~ TZQ <O’”U> }%.3

Herbstsitzung AKE der DPG

A n?T2R3
- 62B4R3

Wendelstein
[

40



Dem Plasma ausgesetzte Materialien

Avoid plasma contamination
e Fuel dilution (low-2)
 Radiation losses (high-2)

Low plasma erosion
* Heat fluxes up to 10 MW/m?

22.10.2021

ASDEX Upgrade
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Dem Plasma ausgesetzte Materialien

Carbon

o Sublimation at high temperatures

e LlowZ

 But high (chemical) erosion

» And tritium co-deposition

» Neutron flux cause reduction of heat
conductivity

Tungsten

» High Z

 Tungsten as plasma facing material
was pioneered by ASDEX Upgrade

» Candidate material for a fusion
power plant is tungsten

R. Neu et al 2007 J. Nucl. Mat. 367-370, 1497

22.10.2021

ASDEX Upgrade
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Warme- und Tellchenabfuhr

Neutrons deposit 4/5 of the energy in the blanket
volume

The rest has to be dissipated by plasma facing
components
» About 10% to the divertor

 High heat flux targets ~ 10 MW/m? connected to the
plasma boundary by the open magnetic field lines

» About 90% isotropic radiation

» Particles are exhausted formation of neutral gas by
recombination of cold plasma (only neutral gas can be
pumped)

22.10.2021 Herbstsitzung AKE der DPG
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Warme- und Tellchenabfuhr

Typical heat fluxes

 Fusion ~1.000 — 10.000 kW/m?

* Fossil, fission ~ 500 kW/m?

e Solar <1.4 kW/m? (average in Germany 0.1 kW/m2)
Limitation of local heat fluxes by increasing the radiated
power

» Homogeneous distribution over the surface of the
plasma vessel

» Dedicated seeding of impurities

22.10.2021 Herbstsitzung AKE der DPG

Wendelstein

N

44



Wendelstein

Warme- und Tellchenabfuhr

Typical heat fluxes

 Fusion ~1.000 — 10.000 kW/m?

* Fossil, fission ~ 500 kW/m?

e Solar <1.4 kW/m? (average in Germany 0.1 kW/m2)

Limitation of local heat fluxes by increasing the radiated
power

» Homogeneous distribution over the surface of the
plasma vessel

» Dedicated seeding of impurities

Tomographic reconstruction of radiated power
for a 23 MW ASDEX Upgrade plasma limiting
the heat flux to 5 MW/m?2 by using argon

A. Kallenbach et al 2012 Nucl. Fusion 52 122003
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Wendelstein

Warmeabfuhr in Wendelstein 7-X P

Targets (Plansee) for stationary heat
fluxes up to 10 MW/m?
Il . A . I

Thermal image
of plasma vessel

30 seconds — 30 minutes requires specially cooled targets
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Breedingblanket und Plasma-/Vakuumgefaf3 —~ W

Neutron fluences correspond to Neutron flux for stellarator fusion
« ~1 dpain ITER power plant extrapolated from
» ~100 dpa in a fusion power plant Wendelstein 7-X

P P P 3 GW fusion power MW/m?
Blanket . SSSSSS SS SRS
« Breeding of tritium o 1.4
« Heat exchange - > 1.2
* Screening of neutrons S 4 1
« First test blankets in ITER o 3 o
Vacuum vessel % 5 0.6
 Further screening of neutrons E . S 0.4
» Overall screening requirement ~10 & 0.2

0 N N N \JI\I )

0 0.2 0.4 0.6 0.8 1 1.2

A HauBler et al 2018 Fusion Eng. Design 136 345 Toroidal Direction ¢ [rad]
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Breedingblanket und Plasma-/VakuumgefaR —~

Neutron fluences correspond to ITER vacuum vessel
e ~1 dpain ITER
» ~100 dpa in a fusion power plant

Blanket

* Breeding of tritium

» Heat exchange
 Screening of neutrons

o First test blankets in ITER

Vacuum vessel
* Further screening of neutrons
e Overall screening requirement ~10¢

www.iter.org/news/galleries
Copyright: ITER Organization
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Breedingblanket und Plasma-/Vakuumgefaf3 —~ W

Neutron fluences correspond to ITER vacuum vessel
« ~1 dpain ITER NN
« ~100 dpa in a fusion power plant et By

Blanket 2
* Breeding of tritium S
« Heat exchange ——
 Screening of neutrons

o First test blankets in ITER

Vacuum vessel
* Further screening of neutrons
e Overall screening requirement ~10¢

www.iter.org/news/galleries
Copyright: ITER Organization
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Breedingblanket und Plasma-/Vakuumgefal AN

Neutron fluences correspond to
e ~1 dpain ITER
» ~100 dpa in a fusion power plant

Blanket

 Breeding of tritium

» Heat exchange
 Screening of neutrons

o First test blankets in ITER

Vacuum vessel
* Further screening of neutrons
e Overall screening requirement ~10¢

A H&uller et al 2018 Fusion Eng. Design 136 345

22.10.2021
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Remote Maintenance ﬁ W

Remote maintenance required for repair
and exchange of activated (in-vessel)
components

» Blanket
 Divertor

l ) -

kiGN EEERERER

Relevant devices

» Important developments
at JET

* Integral part of ITER
design

R

A

»n § ™= @ “
For the 1st time complete exchange of all plasma facing
components in activated JET vessel (after D-T operation) 6. F. Matthews et al 2011 Phys, Scr. T145 014001
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Wendelstein

Supraleitende Spulen

NT 7~ B? Pision ~ B Winding pack of ITER |
e . toroidal field coil (2017) g
Magnetic field limited by - .

 Critical field / current of superconductor
» Mechanical forces of coil configuration

Superconductor
o NDbTi (W7-X, ITER vertical field coils)upto 7 T

* NDb;Sn (ITER central solenoid, toroidal field)
uptol12T

» Development of HT superconductors

HT superconducting
cable

W?7-X superconductor:

Foto: ITEP, KIT up to 18 kA www.iterorg

22.10.2021 Herbstsitzung AKE der DPG 52



Supraleitende Spulen = W

~ R2 ~ R4
r.ITTE B ’Pfusion B

Magnetic field limited by Van Mises stress distribution (in MPa) of a
 Critical field / current of superconductor possible coil support structure for a

« Mechanical forces of coil configuration stellarator power plant (W7-X extrapolation)
Superconductor

o NDbTi (W7-X, ITER vertical field coils)upto 7 T

* NDb;Sn (ITER central solenoid, toroidal field)
uptol12T

» Development of HT superconductors

F. Schauer et al 2013 Fusion Eng. Design 88 1619
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Kryostatgefald und thermischer Schild @ W

Sections of the Wendelstein
7-X cryostat vessel

e

Wwwiiter.0rg fnews/galleries
, . ! N

Installation of first part of ITER thermal shield (January 2021)

Copyright: ITER Organization IPP, Foto: Anja Richter Ullmann
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Plasmaerzeugung, -heizung und Stromtrieb N W
Tokamak needs current drive for Path to ignition for a stellarator power plant
becoming stationary N (3 GW thermal)
« Issue of efficiency X 10 300
Stellarator is intrinsically steady state | 50 =
Heating and current drive systems 200 %
 Injection of fast neutrals (NBI) §
« Resonant heating of ions (ICRH) 150 2
ol
* Resonant heating of electrons {100 5
ECRH >
(ECRH) 50
0

F. Warmer et al 2016, IEEE Transactions Plasma Science 44 1576
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Plasmaerzeugung, -heizung und Stromtrieb IT -

Karlsruher Institut fir Technologie

ECRH at 2"d harmonic
electron cyclotron
frequency

Microwave tubes (gyrotrons) “* >

Wendelstein 7-X with 1 MW output power |

Transmission through air by
mirrors (Gaussian optics)
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Plasmaerzeugung, -heizung und Stromtrieb IT

r Institut fur Technologie

ECRH at 2"d harmonic Microwave tubes (gyrotrons)
electron cyclotron : with 1 MW output power
frequency Wengelsteir7-X (140 GHz @ 2.5T)

Transmission through air by
mirrors (Gaussian optics)

1 MW at & 10 cm:
~150 MW/m? ;
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* Energie aus Fusion
» Magnetischer Einschluss

« Stand der Fusionsforschung

o Auf dem Weg zu einem Fusionskraftwerk

e Fazit und Ausblick
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Extrapolation zu einem Fusionskraftwerk

100

H-mode confinement

10k

L-mode confinement

Qpr
—1

JET

i Ptusion UP t0 16 MW
0.1 7
E Improvement of
confinement
o i N L A (R |
0 5 10

Wendelstein

s

R (m) R Wolf 2003 Plasma Phys. Control. Fusion 45 R1
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Wendelstein

Extrapolation zu einem Fusionskraftwerk i

100

10 ITER
Piusion = 500 MW

5 1L Size & magnetic field
o 36T
. JET :

Prusion UP 10 16 MW

0.1 f_ _E

oon M.
0 5 10

R (m) R Wolf 2003 Plasma Phys. Control. Fusion 45 R1
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Roadmap zu einem Demonstrationskraftwerk

Short-term Medium-term Long-term

Research on

present and

planned

facilities, |

analysis and et PR
modelling construction

¢ DEMO

Fusion Power Plants

22.10.2021 Herbstsitzung AKE der DPG
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European Research Roadmap
I to the Realisation of Fusion Energy

www.euro-fusion.org/eurofusion/roadmap/
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Entscheidende Elemente fiir die weitere Entwicklung —~

Improved concepts 1E+16
« Wendelstein 7-X .

First burning fusion plasma, first tritium breeding N ﬁ 100 years

« ITER \
Fundamental physics understanding o \ ‘

« Extrapolation \ .
1E+11 ' l

cific Activity (Ba'kg)

Technology development

Spe

e E.g. HT superconductors \
o Higher B-field o — A (Eurofer) \
—— B (Eurofer)

Low activation materials, high heat flux materials S &\_\\
* Neutron source 408 . . . . |

1.E+0 1.E+03 1.E+05 1.E+07 1.E+09 1.E+11
First integrated design of a demonstration power -
plant (DEMO) Final Report of the European Fusion Power

22.10.2021 Herbstsitzung AKE der DPG Plant Conceptual Study EFDA(05)-27/4.10 62



Fazit und Ausblick —~ il

May-Planck-Institut
fiir Plasmaphysik

e The realization of fusion energy is scientifically and technologically
one of the larges enterprises worldwide

e Leading fusion projects are

— ITER: First demonstration of a burning fusion plasma & first time
breeding tritium from fusion neutrons and lithium (on a
technical scale)

— Wendelstein 7-X: Validation of an alternative confinement
concept with advantageous power pant properties

e Important key technologies are: Low activation materials, high heat
flux materials, superconductors, heating methods, remote oS-
handling, high performance computing, ... IPP & Industrie

e Close alignment of physics and technology is essential

& 1l ' ~

http://www?2.ipp.mpg.de/ippcms/de/externe
daten/emagq/IPPundindustrie/index.html

e Also, close collaboration between research and industry is essential
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Innenansicht
Wendelstein 7-X nach
erster Betriebsphase

Mit freundlicher Genehmigung von
C. Biedermann, G. Wurden (2018)
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