Fusion and ITER

Swiss Nuclear Society

April 2009 — PSI

Yves Martin

Centre de Recherches en Physique des Plasmas
Association Euratom - Confédération Suisse
Ecole Polytechnique Fédérale de Lausanne (EPFL)
CH - 1015 Lausanne, Switzerland

(A

ECCLE POLYTECHNGUE
FEDERALE DE LAUSANNE



Qutline

Introduction

Fusion principles
Fusion devices
Fusion experiments

ITER

Fusion technology -> this afternoon

Yves Martin, SNS 2009, April 2009, PSI

AP U

2 ECOLE POLYTECHNOUJE
FEDERALE OF LAUSANKE



Introduction

Energy needs severely increase
e Population growth
« Economic development
Depletion of fossil resources
Environmental issues
Wastes
Security of supply

Fusion offers a solution
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The Sun: a fusion reactor

Fusion: the Sun burns hydrogen, which is converted to Helium

p+p = D+e*+v+0.42MeV
D+p =& 3SHe+y+5.49MeV
3SHe+3He = “He+p+p+12.86MeV

Sun temperature: ~15 millions degree

The Sun is still composed of 90%
of hydrogen
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Fusion / fission energy
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Energy
through 2 distinct processes
* Fusion of light atoms
* Fission of heavy atoms

be released
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Fusion reactions

(T+p+4.03Mev
D+D= 4
3He+n+3.27MeV

D+T = He+n+17.6MeV

D+3He= “He+p+18.3MeV

D-T reaction is the ‘easiest’:
*highest cross section at
*‘lowest’ temperature

Deuterium in water
Tritium not available in nature
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Tritium cycle

Tritium 1s obtained from Lithium

bLi+nh = ‘He+T+4.8MeV
Li+n = “He+T+n-2.5MeV
In summary

D + Li ->4He + 100 x 10°kWh/ kg

See next talk!
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High temperature required

Fusion reactions occur at high temperature (100M°)
* Due to electrical repulsive force between two nuclei

At hlgh temperature gases become plasmas (ionised part. + ...)

JG03.419-14¢c

Cold Warm Hot Hotter

Solid (ice) Liquid (water) Gas (Steam) Plasma .( I)fl-
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Plasma examples
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Plasma confinement

Gravitational
Confinement Magnetic Confinement

Magnetic Field

Intense Energy
Beams

Inertial
Confinement

Fuel Pell=t
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Breakeven is given by Lawson criterium

Power ratio
e |nput power
e Fusion power
* Loss power (bremsstrahlung,..

Output power > input power
<=>
nt > 1020 [s/m3] pour T=10keV

n = plasma density s S e ety
t = confinement time

Ignition criterium
* Input power can be turned off
» Losses and reheating fully compensated by fusion reactions
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What is the confinement time ?

Temperature

A

Time

v

Te

Te IS @a measure of how fast the plasma looses its energy

The loss rate is smallest, 1z largest
if the fusion plasmais big and well insulated
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Magnetic confinement

lonised particles move freely along
field lines

2 configurations:
e Linear device with mirrors
» Losses remain
 Closed field lines - torus
» Inhomogenous field ->drifts

Circular motion:
 Radius dependson T and B
* Frequency depends only on
magnetic field
b = mv, eB
" B m,
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The Tokamak

Tokamak — from russian
« Toroidalnaja Kamera Magnetrnaja Katuska
e Toroidal Chamber with Magnetic Confinement

Principle
e Vacuum vessel
* Magnetic field

Size of tokamaks
e Major radius R, (.4 —3m)
e Minorradius a (1/3xRy)

Toroidal field characteristics
 B(R)~1/R
« 1-8T a R=R,

The plasma is not stable !
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Magnetic coils / fields

Stability obtained with addition of poloidal field,

* Produced by plasma current

» created by transformer => plasma duration is limited by flux swing
Poloidal field coils added to shape the plasma

inner poloidal field coils

poloidal magnetic field
outer poloidal field coils

resulting helical magnetic field toroldal field coils

plasma electric current toroldal magnetic field

x10°

Ip [A/10]

AP U

Yves Martin, SNS 2009, April 2009, PSI

15 ECOLE POLYTECHNOUE
FEDERALE OF LAUSANKE



Magnetic surfaces

Analysis of plasma equilibrium (plasma pressure/magnetic forces)

=> Series of nested flux surfaces with
e equal pressure
« embedded field lines

Existence of ‘special’ surfaces
* Field lines closed after a few turns

q
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Heating schemes

Ohmic heating

e Current flowing in the
plasma heats

* Not enough

Neutral Beam Injection
e Collisions
« Charge exchange

Radio Frequency Heating
* Gyro motion
> lons
» Electrons
e Other resonant
plasma frequencies

Transmission Line

e

Antenna

Radio Frequency
(RF) Heating

Ohmic Heating

Electromagnetic

Wav‘es

Energetic hydrogen
atoms

Neutral Beam
Injection
Heating
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Plasma diagnostics

Divertor spectroscopy Re;;ggcgc(a;;ng 14MeV Neutron spectrometer

LIDAR Thomson scattering — 1 1 ; . & Edge LIDAR Thomson scattering

Divertor LIDAR Thomson scattering — b z 2.5MeV Time-of-flight neutron spectrometer
; Fast ion and alpha-particle diagnostic

: | High energy neutral particle analyser

Fastion and alpha-particle diagnostic —,

1
VUV and XUV spectroscopy of divertor plasma ’ ‘
P Py P 1 Reciprocating probe (a)
50kV lithium atom beam Nt -
VUV spatial scar eutron activation

Multichannel far infrared interferometer ™~ e | == 5’ . 2.5MeV Time-of-flight neutron spectrometer

Laser injected trace elements
Bragg rotor x-ray spectroscopy;

VUV broadband spectroscopy

" Active phase 14MeV Neutron
' soft X-ray cameras Spectrometer

Active phase
neutral particle

CCD viewing and analyser

recording

X-ray pulse height spectrometer ~ Grazing incidence XUV
l broadband spectroscopy

Compact, VUV camera

H-alph;:i and visible .
Compact, in-vessel

soft x-ray camera

2.5MeV Neutron spectrometer —» ¥ o -ray monitors { light monitors Brem
b l _— s ; i3 | soft x-ray camera
/ ; : C°"9|a“°'1\ i Compact, re-entrant

reflecto

recombination  §
spectroscopy
i ¥ ;

Time-resolved neutron yield monitor

Bolometer cameras
Hard X-ray monitors

High resolution X-ray @ " i

: a8 crystal spectroscopy : ; o e Neutron yield profile monitor and FEB

$1« T - Divertor g gas anaIySIS ‘
3 ¥ using Penning gauge

Endoscope

Neutron activation CCD Viewing and Recording
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The TCV tokamak (CRPP, Lausanne)

Characteristics
 R=0.9m, a=0.25, B<1.5T, Ip<1MA, P_4;<4.5MW

Goals
« Analysis of influence of plasma shape on plasma characteristics
* Electron Cyclotron Heating and Current Drive (170 M°)

Evolution of Plasma Shape, Shot 12867

0.78sec 0.89sec 1.00sec 1.11sec 1.22sec 1.33sec 1.44sec 1.55sec

o
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The JET tokamak (EU, Oxford)

Characteristics
¢ R=2.96m, a=1.25, B<3.5T, Ips5MA, P_,,<25MW

Goals

* Analysis of high performance plasmas
e Test stand for ITER
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The ITER tokamak

1st device designed to operate above “Lawson criterium”
e Large size (larger than JET)
e => EXpensive
« => International project (EU, Japan, Russia, US, China, Korea,
India)
e Several years of negotiations (siting, ...)

ITER goals (performance):
 Stationary plasma with P; ¢~ 10 X P_44 (P;,s~500MW, 400s)

ITER goals (physics):
« Plasmas with a particles (heating, energy flows, instabilities,...)
* Verify scaling assumptions (confinement time, ...)

ITER goals (technology):
« Materials (Test blanket modules, ...)
e Supraconductivity (superconducting coils, ...)
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ITER

Major radius 6.2
Minor radius 2.0
Plasma current 15

Elongation 1.7
Plasma vol. 850.0
Heating 73

Mag. field 5.3

Fus. power 500
Plasma dur. 400

ITER will be a nuclear machine: 1.5 x 10%° neutrons/s .(I)ﬂ-
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ITER site

ITER construction  started N
Cadarache, France

Cryoplant,
Tokamak Vehicle PF Coil Fabrication
Assembly Hall & Building Parking & Emergency Power
RF Power Supply Buildings

Building

Tritium, Vacuum,
Fueling & Services
Building

Pulsed Power
Supply Area

Laboratory
Office
Building

Control
Building
Site Servi
Bjt.-ﬁarlir":’gnlr oo Magnet Power
Conversion
Magnet Power Buikiings
i Supply Switching
Hot Basin & S
: Network Building
Cooling Tower _ NB Injection Power
gm""_g ey Diagnostic Hall, Supply Complex
umping station Personnel HotGell _TF Fast Discharge
Store Access Radwaste Building Resistors & Capacitors
Building  Building 0 50 100
— .( I) f l.
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ITER organisation, funding & planning

International collaboration

o 7 parties
International directorate
International funding
10 Billions €

e Large fraction for host

e Equal fractions for others
Planning

o 1stplasmain 2018

ITER
Legal
JIA Entity

[ 2007 [ 2008 | 2009 | 2010 [ 2011 | 2012 |

LICENSING

License
to
Construct

v and
R F\mlm Enqui
— VEN0FS DeSIGN  ExCAVATE

BUILD TOKAMAK COMPLEX

HVAC/Crane ready for assembly

Contract
award
PrOFASRICATONBUILONG Cama DF Fab. Baking o Oy rnne B uanlg
Install PFC
fabrication
tooling

First sector
subassembly

Complete

VV torus iv ertor
TOKAMAK ASSEMBLY

Install | Place| Sub-asseniblel

cryostat | lower CS on-site|

bottom id | PFC

InstallCS

INSTALL/TEST COIL PS, TWCS, CRYQPLANT, ETC.

STRANDS/CONDUCTORS

! ] Vendor's Ii-}sign
MAGNET ?

Last PFC complete

BLANKET
TESTING

Contract
award

VESSEL —Vendor's Design
Bid

Contract

award Last three

V¥ sectors
SYSTEM STARTUP & TESTING
INTEGRATED COMMISSIONING
Complete leak  Magnet
& pressure test  enemgisation

Integrated
Commissioning

PLASMA AND
PERFORMANCE

No|Plasma
- 4 ==

ITER
Council ——
Management T ; Science and Technology
Advisory Committee | Advisory Committee
Safety/Security = Office of DG/DDG's Technical |
= Environment, Safety/Health, ITER Council Secretariat Advisory
Permits, QA Audit, Security Legal Support Group
DG
Project Office o
— { * Technical Intogration 1 s
A + QA and Safoty Agencies
Administration Fusion Science PDDG « Project Management * China
* Finance and Technology | B i IE._:m
+ Contracts/ Procurements * Science Jn.Bl:”
oHi R i .
e Teiony | =
h * Russlan
Faderation
H Civil Construc- Field Teams
- N tion and Site * Fleld Team Leader
- . « Site and Facillty + Staf (QA, C&S,
Tokamak Central Engineering Control, Heating + Chl Construction Audits, sic.)
v o & Plant Support & Diagnostics * Technical Suppert
b ot + CODAC

* Contral Engineoring

* Heat Removal System
« Fusl Cyele

= Ventilation/Detritiation
* Hot CellWaste Proc.

* Electrical Supply

* Internal Companents

Full field,
First current,
Plasma

2016 017 | 2018 01

Commission machine
with plasma.

Heating and CD Expts.
Reference scenarios in H.

H Plasma

Equivalent accumulated
nominal bum pulses

System checkout
_—eee—

Electromagnetics.
Hydraulics.

Effect of

femitic steel.

Operating pT
and H/CD License

Characterisation

+ Diagnostics
+ Heating and Current
Drive Systems.

Short a=10
500 Mw  Full non-inductive

400 s current drive

[ ERD]

bum 500 MW

20 2021 22 | 2023 | 2024 | 2025

Develop full DT high Q.
Develop non-inductive
aimed at Q =5.

Low duty.

Improve operation.
Reference High duty.
scenarios in D.

Short DT burn

D|Plasma DT Plasma

1 750 1750 3250 5750 8750 11750

Performance Test

Neutronics.
Validate
breeding
performance.

Short-term T |breeding.
Thermo-mechanics.
Preliminary high grade
heat generation.

On-line tritium recovery.
High grade heat generation.
Possible small-scale
electricity generation.
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ITER challenges

Physics
« Control plasmas with o particles
* Reach good confinement regimes
e Control ELM sizes (impact)

Technology
« Control
* Integration

* Materials:
* Plasma facing components
e Divertor

* Diagnostics

AP U
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Swiss contribution to ITER

ECH launcher
Gyrotrons test stand

Magnetics measurement

Test of supraconductors, materials

e el
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Broader approach

In parallel with ITER:
* International Fusion Materials Irradiation Facility (IFMIF)
e Theory / Computer centre
 Upgrade of JT60-U (Japan)

T T
esint EFH l:i.li . ~— S
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Next step: DEMO

Studies for the step after ITER has already started:

Goal:
o 1stfusion power plant: 1GWe

Characteristics
« Different sizes: Major radius between 6 and 10m
o Different scenarios

Organisation
* Construction might start before the end of ITER!
e How many DEMOs ?77?
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Fusion Power station

Reactor containment

£ O
~ O
{ Lithium W
p blanket
Deuterium
Primary  Vacuum DT
fuels vessel | Helium
: OT, ;'—h I |
Lithium
- -~
A
Generator

Eme

JGO5.113/560 Steam
generator

Turbine

— IEPH
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Advantages of fusion energy

High energy density
« 1g D-T: 26’000 kWh (1g coal: 0.003 kWh)

Abundant fuel, available everywhere
« D~1/6500 H
e Li~17ppm in rocks

Environmental
« No CO2
* No high level radioactive wastes

No risk of nuclear accident

No generation of weapons material
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Conclusions

Fusion reactions power the stars

D-T reactions is the best candidate. Usage of Li for T breeding
The tokamak is the most advanced/promising device

Power ratio close to 1 has been obtained in JET

ITER is under construction to explore plasmas with high fusion power
and improve techniques

DEMO will be the 1st fusion power plant

Fusion is an energy source in agreement with sustainable
development
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