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Fusion: the engine of the sun

Source: NASA
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Europe, USA, Japan, China, Russia, S-Korea and I___n_ql.ig.

. No COereIease clean, safe I
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But... Fusion is impossible

Source: NASA
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Presentation Notes
Uitweiden over hoge temperatuur.

Plasma! Inderdaad: zonnegas.
Op aarde: bliksem, noorderlicht
Demo’s.
Luchtplasma + magneet
Tol
Filamentenbol
TL buis



Challenges in Nuclear Fusion Research
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Presentation Notes
Fusie, dat is de energiebron van de zon en de andere sterren. In het hart van elke ster, ook de zon, vindt kernfusie plaats: atoomkernen smelten samen en maken energie vrij. Een prachtige energiebron: de zon brandt al 5 miljard jaar en gaat dat nog eens 5 miljard jaar volhouden.

[demo met 2 magneetjes]
Hoe werkt fusie? Fusie betekent samensmelten en als je twee lichte atoomkernen pakt en je perst die hard genoeg samen, dan klikken ze aan elkaar vast – en krijg je enorme hitte – energie! Dat gebeurt dus aan de lopende band in de zon. 

Fusie, dat is eigenlijk vuur zonder fossiele brandstof en zonder CO2-uitstoot. Vuur 2.0, zou je kunnen zeggen. Wij wetenschappers willen op aarde fusie opwekken, zodat we die schone energie direct kunnen gebruiken.

[transitie: tekst “Bouwen aan een …-centrale” verschijnt]
We? Jullie! Gefeliciteerd, jullie zijn net lid geworden van het Revius Energiebureau. Een klant is heel geinteresseerd in zo’n nieuwe fusiecentrale en jullie gaan ‘m ontwerpen. Waar moeten we aan denken?
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Harnessing solar flares
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Thermal insulation:
nearly perfect
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Materials one can
lay on the sun
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Bombardment of
neutrons
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Fuel cycle
Tritium production
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ITER: 34 countries
15.000.000 components
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Making a plasma

Deuterium
and ‘

Tritium . . ‘

eatin
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Presentation Notes
Ok, we hebben nu dus brandstof en een vonk – tijd voor fusie!
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Presenter
Presentation Notes
Als we de magnetron aanzetten, verandert het ongeladen gas in een plasma…





Harnessing solar flares
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Confining a plasma

Hot plasma

xoheating high


Presenter
Presentation Notes
Dus – onze fusiereactor: magnetronstraling maakt het plasma heet, het raakt de wanden en koelt af, dan zetten we een magneetveld aan…


Confining a plasma

Hot plasma

xoHeating high


Presenter
Presentation Notes
…en de geladen plasmadeeltjes volgen de magnetische veldlijnen.

Een probleem, en daar liepen de Amerikanen eind jaren 50 tegenaan: in zo’n buisvormige reactor moeten de veldlijnen altijd door de eindwanden naar buiten. Daar heb je dus wandcontact en afkoeling.

In 1958 was er een conferentie in Geneve, Atoms for Peace, waar de VS, Rusland en Europa al hun fusiekaarten op tafel legden. Ze wisten, dat de technologie van een fusiereactor geen wapens oplevert. Een fusiebom of H-bom werkt wel, maar op heel andere principes. Middenin de Koude Oorlog deelden de Russen dit idee met de wereld:

…ze hadden het wiel opnieuw uitgevonden! In een donutvorm kun je ringvormige magneetvelden maken, die nergens de wand raken. Een bol zou nog fijner zijn, maar je krijgt een magneetveld nooit in een bolvorm – er zijn altijd polen waar het veld ontsnapt.


Best confinement in a torus (@)
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Presentation Notes
Het Russische ontwerp heet Tokamak – torusvormige kamer met magnetische spoelen. Een torus is de wiskundige term voor een ring, een donut, of een binnenband.

Als je dit ontwerp aan een ingenieursbureau geeft, lachen ze je hard uit…dit is toch geen bouwtekening!


Plasma heating
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JET and Medium-Size Tokamaks (missions 1 & 2) @)

JT-6004

e Tokamak Program

MAST Upgrad
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JET

JET
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Presenter
Presentation Notes
Fusion scientists are very clever. To overcome the end losses, they have re-invented..... The Wheel! The wheel in this shape <show the scooter tire> is called a torus.

Besides, a torus is a very stable shape which occurs frequently in nature. For demonstration, we’ll show you some tori made up of smoke. These smoke rings maintain their shape for quite a long time
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MAST (Culham, UK) (@)

=CCFE
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Concept improvement continues

1960 1970 1980 1990 2000

Spherical Tokamak
(MAST, UK)




Progress in fusion

ITER

Nett power gain:

IDfusion =10 x Pin
Demonstration of technical
principles
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Thermal insulation:
nearly perfect
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Gyro code; Jeff Candy

hitp:// fusion. gat. com/compyparallel/ iz res' superioms-hi-2. pe
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Hot plasmas have a rich structure

Gyrokinetic Simulations
of Plasma Microinstabilities

simulation by

Zhihong Lin et al.

Science 281, 1835 (1998)
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Presentation Notes
Radieel gedecorreleerd
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Turbulence control (Bart Hennen / Hans Oosterbeek)
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Excitation and suppression of an island in TEXTOR
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Materials one can
lay on the sun
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Scrape-off layer ~ 2 cm thick

Power density 1 GW/m?
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Heat Exhaust Research in Tokamaks
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Research in alternative divertor solutions
(Super-X, snowflake, liquid metal divertors)

Research in order to understand detached
divertor conditions
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Pilot-PSI PSI-2

JUDITH-1/2 WEST
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Reflectance, %

Erosion/redeposition

Reflectivity for eroded mirrors
V. Voitsenya, Rev. Sci. Instrum. 76 (2005) 083502.
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Material eroded away elsewhere can be
redeposited on mirrors

M. Rubel, 18t™ ITPA Diagnostics meeting

Upstream 3 : Downstream

Set 2: mirrors

at room temperature

Set 3: mirrors . Upstream
at temperature
140°C— 85°C.
Doubled exposure time;|
Doubled
plasma parallel fluence.

Courtesy: A. Litnovsky
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Divertor
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High-power linear divertor simulators (6' v‘)

Pilot-PSI
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Magnum-PSI @)
First super-conducting linear plasma simulator: steady state 3T
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Magnum-PSlI

Superconducting Magnet Diagnostics

Plasma beam
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Detached plasma in Pilot-PSI '
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Bombardment of
neutrons
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Neutron resistant materials (mission 3) ()
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creep testing
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Fuel cycle
Tritium production
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deuterium 4% helium (3.5 MeV)
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ITER: 34 countries
15.000.000 components
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ITER 2011: building has started
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Presentation Notes
We leven nu in 2014 – wat is de stand van zaken?

Dit dus! In Zuid-Frankrijk wordt, na jaren van politieke vertraging, ITER gebouwd. Dat is de opvolger van JET, met de modernste techniek, twee keer zo groot als JET en het grootste fusieproject ter wereld.


ITER Headquarters opened in Oct. 2012 ’6 ®)
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Building for winding poloidal field coils @)
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http://www.iter.org/doc/www/edit/Lists/Stories/Attachments/1064/group_from_beam.jpg

483 Seismic insulation pads
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ITER vacuum vessel: (N
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more heavy than the Eiffel tower b
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Superconducting cables
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Radial plates for the toroidal field coils




Winding the toroidal field coils
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Cooling system
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Cryogenic system
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|IC H&CD Antenna SYSTEM
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Neutral Beam Heating

A.J.H. Donné | ESI - Garching | 15 June 2015



Transportation of heavy loads
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Transportation of heavy loads
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ITER is a world wide project

Construction costs: ~15 billion Euro
First experiments: in the 2020’s
Power production: 500 MW

Power consumption: 50 MW

A.J.H. Donné | ESI - Garching | 15 June 2015
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Presentation Notes
De eerste paar jaar wordt ITER langzaam opgestart. In 2025 hopen we de eerste proeven met echte fusiebrandstof te doen. Dan komen we tot een vermogen van 500 MW, evenveel als zo'n Chinese kolencentrale. De eigen energievraag van ITER is 50 MW, dit wordt de eerste keer ter wereld dat we netto vermogen uit fusie opwekken.


I i~ 7N
Roadmap towards fusion electricity ()
JUS
Fusion is
practical, Power Plant
Fusion is attractive
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~2020
Operation

Fusion facilities

around the world A.J.H. Donné | ESI - Garching | 15 June 2015






1: Plasma Regimes of Operation @

Cryostat

High fusion performance by reducing energy
losses by turbulence and by controlling
plasma instabilities.
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To achieve acceptable power depositions in
the divertor, radiate as much as possible
power from the plasma without having
adverse effects on the performance

Develop active methods the state of divertor
detachment

Try to achieve steady state conditions

Main devices:
JET, ASDEX, JT-60SA, ITER

Tony Donné | Fusion DC | Ghent | 3rd November 2014



2. Heat Exhaust Systems
Research in alternative divertor solutions (Super-
X, snowflake, liquid metal divertors)

Research in order to understand detached
divertor conditions

Research to find more
robust materials

Main devices:

MAST, TCV,

Linear devices
Potentially a

Divertor Test Tokamak

Tony Donné | Fusion DC | Ghent | 3rd November 2014



3: Neutron Resistant Materials

Post Irradiation Experiment

Full characterization of the baseline _,.....~" i
materials for DEMO: Py’
EUROFER as structural material

Tungsten as Plasma Facing
Component

Copper-alloys for cooling

RF Quadrupole
Drift Tube Linac

High Energy Beam Transport

0 20 40m‘
_

Expand the operational range of
these materials (e.g. EUROFER has
an operational range of 350 — 550 °C

’Li(d,2n)"Be ®Li(d,n)"Be ®Li(n,T)*He
Accelerator Lithium Target Test Cell
(125mAx2) 25% Lnm thick, 15 m/s

100 keV L o g FEP Neutron  High Flux Middle Flux Area -
MO0 0 0 0 0 0 zcorsomm men Gzodpus.o50) sonee
Medium  (>1 dpaly, 6 1) LT/BP  HFTM  UTM oD [TRM EFTRMENNNNN
| e l Low  lslipan. 78l [ Decreasing neutron flux density ____——
. . [Softening neutron energy spectrum
Maln deVICeS: |FM|F, Early NEUtron Source, girucmral materials' ‘breedermal.' ) auxillary !

{FW, blanket) Be, Li-ceramics  irradiation space
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4: Tritium self-sufficiency
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Main question is whether a
fusion reactor can produce
enough tritium for its

own fuel supply

Research concentrated on
Two test blanket modules
In ITER

Research in extraction of tritium from the blankets

Main devices (on ITER):

» TBM based on eutectic Pb-16Li and TBM on ceramic material; both using He
as coolant

 Possibly also research in water-cooled Pb-16Li

Tony Donné | Fusion DC | Ghent | 3rd November 2014



5: Intrinsic safety features ©

A relatively small mission to study the specific nuclear
licensing procedures for DEMO and to study how the amount
of radioactive waste can be reduced as much as possible.

Differences between ITER and DEMO in this respect are the

Tony Donné | Fusion DC | Ghent | 3rd November 2014
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6: Integrated DEMO design and system development ()

Find ways to reduce degradation
of superconducting cables under
continuously changing loads

Study application of high T,
superconductors

Increase gyrotron frequencies
for ECRH and ECCD to ~230 GHz

Optimize remote handling and remote maintenance strategies

Develop control strategies for underdiagnosed plasmas

Tony Donné | Fusion DC | Ghent | 3rd November 2014
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6.1 Evolution of the DEMO CAD geometry
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7: Competitive cost of electricity (@)

—

Which impact do design choices for DEMO have
on the ultimate price of electricity:

Cheap and straightforward design solutions

Components with long life-expectancy

Blanket

Magnet coils

High machine availability

High temperature
superconductors?

Plasma heating
Current drive

Divertor

Turbine
Generator

Tony Donné | Fusion DC | Ghent | 3rd November 2014
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8: Stellarator
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Stellarators are behind tokamaks
performance wise

Stellarators are technically
complicated

But, stellarators are by definition
stable and steady state and they
offer a number of important
advantages for a fusion reactor

Main device: Wendelstein 7-X

Tony Donné | Fusion DC | Ghent | 3rd November 2014



8.1 Stellarator ()

Wendelstein 7-X

First operation in 2015

Tony Donné | Fusion DC | Ghent | 3rd November 2014
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Presenter
Presentation Notes
...we doen dit om de wereld te redden. Zodat de volgende generaties net zoveel energie en kwaliteit van leven hebben als wij. Dus dit is niet het einde...dit is het begin!

Dank voor jullie aandacht!

[na - hopelijk ;-) - applaus]

Ik wil iedereen uitnodigen om folders en cds mee te nemen en meer te leren over fusie. Nog meer info vind je op fusie-energie.nl - en ik hoor graag jullie vragen
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Questions: (@ o)

Safety
When do we have fusion and how expensive?
Other forms of fusion

Economy — what determines the cost

A.J.H. Donné | ESI - Garching | 15 June 2015
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Does fusion come in time?
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Global CO2 emission
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n
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Future
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Global CO2 emission (Gt C/ year)
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1950 2000 2050 2100 2150 2200 2250 2300

Year
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Growth of various energy sources N

ENERGY-TECHNOLOGY DEPLOYMENT

10 R R PP
== Total
. = Qi
1057 === Nuclear
Materiality e== | iquid natural gas
o 107k e == Bjofuels (first
§ generation)
o e \\/ind
RSNETOLE NIRRT SR o EENETNINERENSy s A0/ (Y SN PPNt .
3 — Solar photovoltaic
© == Carbon capture
= 1054 and storage*
== Biofuels (second
generation)
104_ ---------- VA oooo I_aWS
o Blueprints projections
103 I I I | | L | I I I I | | | | I I 1
1960 1970 1980 1990 2000 2010 2020 2030 2040 2050
Year

“Coal and natural gas used in power generation with carbon capture and storage

(G.J. Kramer, Nature 2009)
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Fusion compared to other sources
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Safety

Fusion is no chain reaction

I R TR T, I R TR T, I R TR T,

Fuel for only a __ ! ! :
few seconds f. ! : S

'H.-'\.'\.-.-.-'\. T F et s 'H.-'\.'\.-.-.-'\. T F et s 'H.-'\.'\.-.-.-'\. T F et s
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Presentation Notes
Anders dan kernsplijting met uranium kan fusie geen zichzelf versterkende kettingreactie opwekken. De reactie kan niet uit de hand lopen.

In een splijtingcentrale zit genoeg brandstof voor 1,5 jaar! Als die in 1x vrijkomt… In een fusiereactor zit telkens zo’n 3 gram aan deuterium en tritium, genoeg voor een paar seconden fusievlam.


Safety

Deuterium and helium
are not radioactive

No transport of radioactive fuels
during reactor operation

No long-living nuclear waste

No emittance of green house gases

A.J.H. Donné | ESI - Garching | 15 June 2015


Presenter
Presentation Notes
Fusiebrandstof en het reactieproduct helium zijn ongevaarlijk.

Het tussenproduct tritium is radioactief, maar wordt gemaakt en gebruikt binnen de centrale. Geen externe aan- en afvoer dus. 

De neutronen uit de fusiereactie maken het stalen reactorvat radioactief. Die radioactiviteit vervalt tot laag niveau na zo’n 100 jaar, als het juiste materiaal wordt gebruikt. Er is dus géén lang-levend kernafval zoals bij kernsplijting.

Natuurlijk is er geen CO2-uitstoot: de 400 kg helium is geen broeikasgas, maar we vangen het ook nog eens op omdat helium zeldzaam en kostbaar is. Je kunt het gebruiken voor extreme koeling.


Nuclear waste

b

Nuclear fission

i3 aaanial

Nuclear fusion

Coal ash—

1.000.000 |

1 LI B AEA] |

1
10.000.000

| [ | |
100 200 300 400 500

Tijd na sluiting (jaren)
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Economy: costs components )

Decommissioning fimd charges (fo accumulare

100% - e 10% of capital cost at end of plant life) and
waste disposal cosis
90% - Operation and mainfenance costs
80% Capital cost items which require replacement
e g b

o during operation (ie the divertor, blanker and
70% - first walll
60% -

o Capital costs for balance of plant (ie buildings,
20% - electrical supplies, turbines)
40% A
30% -
20% - <« Capital cosis for flision power core
10% A

0% .

Fuel makes up only 0.5% of the total costs!

A.J.H. Donné | ESI - Garching | 15 June 2015
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Economy: Costs of the components ((( \‘)

Important costs:

Shield B PROCESS MCDEL
OITER-TAC
Frst wall
Blanket BIa N kEt
Fuel Handling
Divertor

Super - conducting PF Coils . .
: - *‘ Superconducting coils
Super - conducting TF Coils
Additional Heat _1
Remote Maint -_ﬂ

1&C E
Heat removal
Power Supplies _ﬂ
Vacuum Systems
Site+Buildings ;—‘ buildings
0 200 400 600 800 1000

Cost 1990 MECU
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Permanent

5-6 year

Coolant
manifold

Cold
shield

Blanket

Vessel

(PowenPhamt: Comceptuial S§udhygpois
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Economy: availability (@)

Availability should grow in going from ITER via DEMO to the
Fusion Power Plant

Projection of Electric Plant Availability
1950 2000 2050 2100
100 ‘ |
e //
Fission, Fossil L / Now FPP Operation?
~ /"/
50 ///

DEMO

0 ITER Operation |
e

1950 2000 2050 2100
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Other forms of fusion

Magnetized Target Fusion

Compressed to
thermonuclear
conditions

Preheated fuel

Implosion
System

Plasma

Injector

Praton i
Neutron & Tritium nucleus (t)

o Muan mﬂeu:‘etium nucleus (d)
(2} Production of t @
many ty atoms
Qo
(3) Production of dty dtp malecules

muonic molecules

';. (1) Muon injection

{4) Nuclear fusions
produce a particles

5) Free muons ooy e rans

h, are recycled
2

/_ (6) About 1% of liberated
| muans become stuck a particles (helium nuclei)
to helium nuclei

,/' 1%

Sticking
ay particles (muenic helium atoms)
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Inertial confinement fusion

Optics assembly
bullding Cavity mirror

* mount asaembly

i f |'|-|‘
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Indiregt-crnve Fuel capsule Fusien ignition Fusion bum
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Acoustic Magnetic Target Fusion

/7,
|

Magnetized Target Fusion

Compressed to
thermonuclear
conditions

Preheated fuel

Implasion
System
Plasma

T Y

Flasma injector

Prneumatic

pistons T DN \

Cylindrical
wirex
cavity

Plasma
toroid

Rotating liquid
lead/lithium
solution
- within spherical

tank

Plasma injector

(Courtesy: General Fusion)
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Muon-catalysed fusion

He;:rﬁn & Tritium mucleus (t)
D muon OO Deuterium nucleus (d)|

(2} Production of
many ty atoms

{3} Producticn of dtp
ruanic malecules

(1} Muon injection

a particles
and neutrons
Reactivation
Muclear
o
‘.I
(&) About 1% of liberated _
% muons become stuck a particles (helium nuclei)
to hell'unz nuclei

LY

Sticking

b api particles (muanic helium atoms)
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Confusion

Cold fusie

The Cold Fusion Reactor CFR v3.0
by Jean-Louis Naudin - May 2003

When top of wave reaches the bubble
starts implosion. Vapours are quicky pressed

Ba I I Iightn i ng and heated so fusion may occur.

http:#fusion srubar.net
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