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Background

- Fusion is the energy source of the Sun” §
* On earth — a sustainable, clean energy source

* But - a great technical challenge!

« Today we build ITER — the first reactor to produce

more energy than it consumes !

« How do we move from ITER
to commercial power stations?

e |s fusion safe?




Fusion energy is needed
in future energy mix

e EF DA Cost-optimized for max 550 ppm CO, year 2100
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This introductory course will present the state of today's fusion research
and provide insight into the physics and technology of fusion.

The development of fusion has now reached a state when it may be said that
fusion power will indeed be realized. In this course, different solutions to
"the greatest technological challenge ever pursued" will be presented.

As a background, we will discuss the energy problems that threat to become
critical towards the mid-century, unless new energy sources are developed.
Comparisons with the non-fossil energy sources that are known today will
be made.
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EXTRAP T2R, Alfven Laboratory, KTH

Scandinavia’s only fusion experiment — a reversed-field pinch
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What is fusion energi?

Picture courtesy of the
SOHO/EIT collaboration




PHASES OF MATTER

Gas Plasma

HIGH

LOW
— Temperature or Energy I










Plasma — needed for today’s technology!

01 —Plaama TV
02 Plazma-poared [e1 turhine blades
03 Plasma manuluctured LEDs m pancl

M —Diamondlike plesma CVD
eveglass coating

05— asma jon-implanted artbcal hip
05—Plasma [asar-cit cloth

07 —Plasma HID headlamps

03— Plasma-produced H, infue' ce'l

03—Plasma-aided combustion

10~ Plazsma mufflar

11 Plasmi vzone walter purification
12—Plasma-deposited LCD scroen

13—Plasma-deposited silicon for
solarcells

13—Plasma-processed microelecironics

15— Plasma-starilization in
prermacedtical produetion

15—Plasma-treated pelymers
17 Plazma-tranind textiles
18 Plasmuy-tremted hoast stent

13—Plasma-depasilad hilusion barriers
fcr comtainars

20—Vlasma-sputiered wardow glating
N—Carpact fuorescent plasma lamp




Fusion Technology - Spin Off Examples

Superconducting Magnets for medical use
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Fusion reactions in the sun




The energy we use on earth
started as fusion energy !

Renewables (direct energy):

* solar, wind, hydro

Fossil (stored solar energy in organic material):
* coal, oil, gas

Fission (uranium is formed during supernova explosions)




HYDROGEN ISOTOPES

Hydrogen
1
H

\h———'

Deuterium

2
H

Tritium

3
H

Radioactive
Half life
12.6 years




Fusion reactions

REACTIVITY <ov>

D+ T—*He(3.5MeV)+n(14.1MeV)

e Fusion power per unit
volume: Prusion = NN (OV)E

Where
n is the fuel ion density
E is the fusion energy per reaction

10 100
temperature (keV)

(1 keV = 10 million °C)




NUCLEAR FUSION REACTIONS RELEASE ENERGY

(deuterium)  (tritium) (helium)

°H+3H — 4He +n+ Energy
E=Amc?

‘He+3 . 5Mev

IMeV=1.6 10-13]



1 kg fusion fuel provides as much energy as
1 000 000 kg coal!




Triple product
nTt '

v

C ))
High temperature (T)
=» High confinement (t;)




Energy confinement

How long is the energy in the system
(home or plasma) ?

W
Energy confinement time 7r = 2 W ~ energy density
loss

B
- 5 Home:

TE n 0-5'1 day
Winter ~ 90-120 days

Plasma in tokamak:
Te ~ 0.2-1 seconds (JET)
Plasma duration ~ 30 s

The heat must be
kept!




BUT HOW PRODUCE FUSION IN THE LAB?

1- On Earth protons are usually not “free”,
they are bound in atoms

We need to
ionize the atoms and

2- Once nuclei are “free” they will not
easily fuse

We need to
(=100 million °C)

until the kinetic energy is high enough
to overcome the electrostatic force

3- The plasma is very hot and it should not
touch any material

We need to




PLASMA GENERATION AND HEATING

To ionize the gas an is used

\AAAAAAL

To heat the plasma several methods are used.
One is to use the produced

by a that flows in the plasma:

P=R I’

Like the heat produced in a light bulb




PLASMA GENERATION AND HEATING

How is the electric field and current produced?

iron core

B

Prigaguy windings

vacuum vessel

EXTRAP T2R
voltage: V =25 Volt
electric field: E =3V/m
plasma current: 1 ~ 100 kA

plasma




PLASMA CONFINEMENT

Charged particles - circular motion in the direction perpendicular to the magnetic field.

The particles can also move along B

EXTRAP T2R Larmor radius:
electrons: r=0.1 mm
protons: r=4 mm




PLASMA GENERATION AND HEATING

How is the electric field and current produced?

iron core

rimary windings

We need to generate a toroidal magnetic field




TOROIDAL FIELD COILS

The toroidal field is produced
by current flowing in coils:




TOROIDAL FIELD COILS

EXTRAP T2R toroidal magnetic field: B=0.1T




THE MACHINE: all pieces together

iron core

vacuum vessel
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Different magnetic confinement schemes

Tokamak Stellarator Reversed-field Pinch

EU world leading
The tokamak Is presently the main line



Magnetic confinement

Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils
(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
secondary transformer circuit




Magnetic confinement

Toroidal
Direction
Separatrix
R —

Banana
Trajectory

Projection of Trapped lon
Trajectories is Banana Shaped

(for illustration only) i /
X-point %
P ‘ S
2 lon gyro-motion

Divertor
Targets




Magnetic field coils
T \9 I

’l&

An octant section of JET's torus, held in a C-frame, 1982 Final octant section being installed in 1982







Plasma heating

Radio Frequency Heating

Ohmic Heating

““g? Neutral Beam Injection
&
T
&
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Do we need fusion?




Fossil energy completely dominates..

GLOBAL HEATING

World Energy Consumption

“ Nuclear

“ Hydro-Elect
“ Nat Gas
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Human impact on CO, in atmosphere

Since the industrial revolution (19t century) man has burnt
enormous amounts of fossil fuel, which has changed our atmosphere

9 May 2013: reaches
level 400 ppm CO,

For 650,000 years, atmospheric CO, has never been above this line ... until now

CO2 parts per million

400,000 350,000 300,000 250,000 200,000 150,000 100,000 50,000

YEARS before today (0 = 1950)




Fossil fuels are problematic

Fossil fuels are currently being burned and lost forever

‘ GLOBAL WARMING due to
Upper Estimate .+ excessive production of
greenhouse gases from
power stations

Fossil fuels are essential in
the petrochemical and
pharmaceutical industries
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Significant economic and
1980 2000 2020 2040 2060 2080 2100 political impact

Year




We have also changed the global temperature

0.6
0.4 | 2004 ¥
Middle Ages 1
0.2/ (warm period) |
0 '%‘; |
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Temperature change (°C)

06 m‘ ' |Industrial
0.8 Antiquity | | revolution
-1 (Roman age) Little ice age

O 200 400 600 800 1000 1200 1400 1600 1800 2000
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Populations
Increase...
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50Global Primary Energy Use to 2100

‘ Energy demands
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Global energy consumption

Energy use in developmg countn@; 1s Iow, but mcreasmg

A
A L
' a"" b (-,4’*'

Average Am{rﬁ of Power used per, Person per Da‘ ~ ',3.‘_-.’
, ’around the World Y

In 5.'0 years the global
‘populatlon NEVAIEVLE
doubled

Energy use‘may have
increased with factor 2-3

[}

Developing Europe World
Country and Japan Average

Picture courtesy of NASA/GSFC




Renewables (bio, wind, wave, solar; geothe’ri_ﬁal, hydro)
BUT: PAL

o Low energy density

o Intermittent; need storage systems
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Alternative with strong contrlbutlon of renewables

At most 50% of the produced energy.is: renewable year 2100.
biomass 25%

solar 11 %
wind 7%0.

50%0 sustainable energy is missingh




COMMISSION

Europe’s energy
future;
scenarios

ENERGY FUTURES

The role of research and technological development

EUR 22039




Primary enerqgy supply in Europe in the high renewable case
100000.00 1= B Nuclear
l Solar

O Gas

40000.00 LI Qil
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Europe’s energy future, scenario with
maximized renewable contribution




Regional potentials of renewables in energy supply

Total

Asia

ME & N-Africa

Africa

CIS

Europe

S-America

N-America

Source: EU Commission, Solar report 2006

B Hydro (Strom)
World average E wind (Strom)
B solar (Strom + Warme)

India, China [] Geothermal (Strom + Wirme)

B Biomass (Strom + Wirme)

Middle East
__] Primary energy
Afrita consumption per

_ Fapia
‘ Russia

\EU
S-Ametica

USA

0 100 200 300 400 500 600 700 800 900 1000 1100

GJ per Capita

Europe

has weak
potential for
renewable
energy




European Strategic Energy
Technology Plan (SET-Plan)




B ~ Potential of technologies

2050+

—

Fusion

eothermal Power

Geothermal Heating

&)

~ lar Heating
& Cooling
generation O Supply side
technologies

Transpovt

in Building

Towam's Sustainatle Enemy Systent

Time Horizon




Fusion power advantages

Negligible climate effect — no emission of greenhouse gas

No long lived radioactive waste, no transports of waste

No risk for nuclear meltdown
Fusion energy is SUSTAINABLE ENERGY:

Fuel for millions of years easily accessible in....
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How shall we develop

fusion power?
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Stellarator — early 1950’s




The Pinch Effect - 1940’s

Peter Thonemann and Sir George Thomson’s idea

Alan Ware, Thomson
Imperial College.

Top view




z-pinch instabilities

Z - PINCH

JAMVIKT "SAUSAGE"-
INSTABILITET AT IE B Y




1954-1958 :

l a=0.48m,
R=1.5m,
T.~1,700,000°K,




The Tokamak- a Soviet invention

Tokamak T-3 (1962)
R=1m,a=0,15m,B=3,8T, | = 150 kA

Time:
1950-60

Place:
Moscow

Characteristic:
Strong magnetic field




JET - the world’s largest fusion experiment

Location:
Culham, England

European project
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JET,
Culham,
England

caJ

- '-‘ -
S ey




Participation in the JET
campaigns of late 2005 - 2006

o
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Diagnostics at JET

Divertor spectroscopy ~ Reciprocating 14MeV Neutron spectrometer

probe (b)
LIDAR Thomson scattering — ¥ | / <> Edge LIDAR Thomson scattering
Ly 2.5MeV Time-of-flight neutron spectrometer
Fast ion and alpha-particle diagnostic
[ | High energy neutral particle analyser

Divertor LIDAR Thomson scattering —<b§
Fast ion and alpha-particle diagnostic —,

VUV and XUV spectroscopy of divertor plasma
P Py P Reciprocating probe (a)

50KV lithium atom beam

> Neutron activation
VUV spatial scan :

2.5MeV Time-of-flight neutron spectrometer

Bragg rotor x-ray spectroscopy; Active phase 14MeV Neutron

VUV broadband spectroscopy : N _— ' e | soft X-ray cameras_Spectrometer

Active phase

- b Aard X-ray" v =2 neutral particle
CCD viewing and monitors i analyser
recording

-ray pulse height spectrometer ~ Grazing incidence XU
l broadband spectroscopy

++—Compact, VUV camera

O R NN alpha and visible .
2.5MeV Neutron spectrometer —| T Hard X-ray monitors! §f | f I ght monitors Brem _ Compact, in-vessel
s ) = . 1t

j} | NEE - Vi iji  soft x-ray camera
, / L X: & i Compact, re-entrant

soft x-ray camera
recombination

spectrosco '
ﬁpp_ -4 & Time-resolved neutron yield monitor

Bolometer cameras

SN
Hard X-ray monitors

3 - Active phase 2. ;
: E-mode reflectometer Soft X-ray cameras J - 2/3
Electron cyclotron emission h terodyne & Pl : ! Lo W
. r High resolution X-ray A i
i . 50 crystal spectroscopy | P P Neutron yield profile monitor and FEB

S

Jé; i ; 3 Divertor g gas analysis
i using Penning gauge

Endoscope 2 AN ke
Neutron activation CCD Viewing and Recording




Demonstration in JET:
production of fusion energy

16.2 MW
(World Record)

JET Heating
15— Q= ﬁ(1997)
0.95
= /
%’ 10— / 2 S,
D
=
3 Q
S
- 5  JET (1997) / S
/\’V\/V/&\/ \Mk/\/\/ \w\
e \
/ JEIggan \ N\ g Fusi .
) & usion che
0 /1 \\1\ | \1\ ] \\‘3
0 1.0 2.0 3.0 4.0 5.0 6.0
' Tme (3)
1.7 MW

(World First)
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This plot shows how, over several decades of research, the key per-
formance parameters of fusion devices (the plasma ion temperature
and the fusion triple product) have moved towards the conditions

.' _‘w" required for a reactor.
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Progress in ITER like Scenario
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Fusion progress is comparable with other fields

J B Lister, April 2001
Rapid progres s in different high technology felds Pﬂ-_(

1000¢ TER target 0f Ti<18 keV, ntau $.410 m = m e m = m n = Density

' 000 ET J a measure of the number
L Fusion: Triple product n T tau JT-60Ugy

doubles every 1.8 years JT-GUU'

TFTR of reactions we can have
Dil=D Penfium 4]

JT=60U
T = Temperature

a measure of the energy
given to the fuel particles

T = Confinement time
a measure of the thermal
insulation of the fuel

SppS
Accelerators: Energy doubles every d years

Moore’s Law: Transistor number doubles every 2 wﬂrs_g

[ 1 1 1 ] ] 1 ]
1965 1970 1975 1980 1985 1990 1995 2000 20035
Year




ITER - nest step towards fusion

Location:
Cadarache, France

Collaboration:
EU

China

SEDE]

Russia

South Korea
India

USA




History of ITER

“For the benefit of mankind "

The idea for ITER originated from the Geneva
Superpower Summit in 1985 where Gorbachev and
Reagan proposed international effort

to develop fusion energy...

.. as an inexhaustible source of energy for the benefit
of mankind”.
November 21,
2006:
2 China, Europe,
India, Japan,
Korea, the
Russian
*. Federation and
the United States
W of America sign
the ITER
Agreement




ITER - the next step towards fusion

Place:
Cadarache, Frankrike

Cooperation:
EU

China

Japan
Russia
South Korea
India

USA




ITER progress

ITER represents a big step in fusion research but is in line with
the continuous progress over the years

M ore t h an d ou b l = t h e Progress in Controlled Fusion gﬂﬁgg?c;%%éd /
Slze Of JET Burn Ignition

—c ' ~ Iter
T S :
e c...—r ) .
s \
\Z,
4 (i 4
4 LPRN 3
=2 r -

3rd Generation
~1990-2000

Central lon Temperature (MK)

2nd Generation
~1980
1st Generation
Tokamak ~1970
Concept
Developed
1960s

1

1017 1018 101 1020 1021 1022

Fusion Triple Product - density (particles/m3) x confinement time (s) x Temperature (keV)




ITER - Goals

Produce 500 MW fusion power.
(10 times more power than what is needed to run
the experiment).

Smaller than a power station but big enough
to prove principle.

Optimize plasma physics.

Test technology that is needed for a power station
(exception: materials).

In operation: for 20 years.




Integration - Engineering

Airbus 380: 106
components
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Who participate in the ITER project?

The ITER partners represent more than half the earth’s population.
ITER is the world’s largest energy research project.

Russian Federation

People’s Republic |
of China . J?pan
. Republic
India . —Oof Korea




’§ <
{C)) EUROfusion
=7

Wall sector




(\) EUROfusion

e L

ITER site, Cadarache




Europe provides through
Fusion For Energy (http://fusionforenergy.europa.eu)

45 9% of ITE R construction costs
34 % of operation, deactivation, decommissioning







www.iter.org/newsline/-/2318




Experiments at prepare for ITER

ITER-like wall
has been installed
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Solid Be
Surface temperature < 900°C

W-coated CFC
Temperature <1200°C

W stacks
Surface temperature limit

<1200°C-2200°C

v g
A

~\.=
SR

5 Y

G. Matthews and ILW Team., PFMC-13




Keeping the plasma pure

Fusion plasmas can become
polluted by impurities from
the vessel wall as it is
heated up.

Helium ‘ash’ is also
produced by the fusion

reaction.

In a ‘divertor’ the main
plasma is separated from
the target tiles by a ‘private’
plasma.

Flows in the ‘private’ region
can resist impurity influx.
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Tritium breeding in ITER

- three test blanket modules (TBM)

Cryostat Plug

Vacuum Vessel
Port extension

TBM Frame &
Shield Plug

/i

28
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Vacuum Vessel
Plug
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Cryostat
Extension
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Bio-Shield Plug

Breeder
Concentric
Pipe

Transporter




Fusion power station

Superconducting magnet

D+T

Plasma
Deuterium

Blanket fuel
(containing

e Blanket captures
energetic neutrons

Tritium

Shielding W
| from

structure

Heat N » \ fUSiOI‘l I‘eaCtionS

exchanger
Separation of

Tritium and
Helium

Helium

Steam boiler Electric power

Turbine and generator




Development of fusion energy

10 seconds

2020-2030 500-700MW 30 minutes

2030/40 1.5-2GW days/stationary 30




Fusion Electricity - EFDA November 2012

Hs@s: ‘ ¥ Milestone "
&i s, W ITERQ =10 pecs \'Q:i

Inductive W ITER steady state JET
Steady state regimes

Medium Sized Tokamaks i-ﬁw - ;’;
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2. Heat exhaust Baseline strategy

Advanced configuration and materials HE—aES
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. Plasma operation

Medium Sized Tokamaks, linear plasma devices and Divertor Tokamak Test Facility (DTT) E—
Early Neutron Source

i
Early Neutron Source g -
\ 4 W7X

) N 7-X
3. Materials

Roadmap
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Chinese Fusion Engineering Testing Reactor (CFETR) and Fusion Neutron Science (FNS) facility (US)

=

ITER TBM programme
Parallel Blanket Concepts

4. Tritium breeding

. Safety

w

’ DEMO Fusion Electricity
. \ 4 \ 4

6. DEMO Component Design and Engineering Design ~ Construction  Opeation

7. Low cost Low capital cost and long term technologies
8. Stellarator Stellarator optimisation Burning Plasma Stellarator
g,.,(,&) 10
2010 2020 2030 2040 2050

The missions to the realisation of fusion electricity



Fusion advantages
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Fusion: safety and environmental issues
- general considerations

* Negligible climate effects

 No emission of greenhouse gas
* No long lived radioactive waste
e No transports of waste

* No risk for nuclear meltdown

e Only small amount of tritium fuel active

Fusion energy is sustainable energy

See http://ec.europa.eu/research/energy/euratom




Fusion: safety and environmental issues
- general considerations

Studies of
e potential impact of fusion power on the environment
e possible risks with operating large-scale fusion power plants

Results: fusion is a very safe and sustainable energy source.

European Safety and Environmental Assessment of

Fusion Power (SEAFP):

e conceptual designs of fusion power stations and their safety
e environmental assessments, including

e identification and modelling of conceivable accident scenarios




Fusion: safety and environmental issues
- general considerations

SEAFP; good inherent safety qualities:
e absence of 'chain reaction’
e no production of long-lived, highly radiotoxic products.

Worst possible accident would not breach confinement barriers.

Even jf confinement barriers would be breached,
accidental radioactive release from a fusion power station cannot reach
levels that would require evacuation of the local community.

The inherent safety characteristics of a fusion reactor are due to
e very low fuel inventory in the reactor during operation
e rapid cooling, extinguishing fusion reactions in case of malfunction

Tritium is produced and used inside the reactor,
no transport of radioactive fuel is needed.




Fusion: safety and environmental issues

o T-fuel is radioactive (beta decay, 12 y halftime,
extremely unlikely loss of 1 kg T
causes, however, only 50 mSv 1 km away;
evacuation not needed)

e Reactor walls activated (initial activity
as for fission, but within 10-100 y the
activity is 4-5 orders of magnitude lower
than that of fission)

e Disruptions can cause wall damage or
harm supraconducting magnets




Comparison - radioactivity
from fission and fusion after shutdown
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Conclusion — safety and environment

The European Safety and Environmental Assessment of
Fusion Power (SEAFP) finds that

fusion has potential for becoming a safe, sustainable energy source
with low external costs




IFMIF -

International Fusion Material Irradiation Facility
- Material test facility

Facility Layout
JAEA, Japan:

2 parallel, 50 m, 40 MeV, 250 mA D-accelerators
Liquid Li - target (20 m/s)
Neutron flux: 2 MW/m? in 0.5 1 volume, 14 MeV, 20 dpa/y

f§ <
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=7




Can we improve the tokamak?

Lagge aspect ratio
(conventional tokamak

Small aspect\
ratio (spherical,
tokamak) .




@\I EUROfusion

Advantages:

« Smaller than standard tokamak (lower cost)
* Higher plasma pressure

* No disruptions

» Good energy confinement

Disadvantages:
* Inner conductor exposed to heat and neutrons
* Neutron economy is an issue




A MAST plasma

MAST - Culham, England




@\I EUROfusion

Advantages:

* No plasma current

» Continuous operation

« Godd confinement of particles and energy
* Modular reactor — simple service

Disadvantages:
 Limited plasma pressure
« Complex 3D theory and experimental diagnostics




Wendelstein VII-X
Stellarator in Greifswald,Germany
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Frankfurt, 11. Juli 2006



Max-Planck-Institut
fur Plasmaphysik

Superconducting coils & M




@\I EUROfusion

Advantages:

« Smaller than standard tokamak (lower cost)
* Higher plasma pressure

* Lower magnetic field

« Ohmical heating to ignition possible

Disadvantages:
* Limited energy confinement
* |nstabilities and current profile must be controlled




EXTRAP T2R

One of several specialized experiments in the EU fusion
programme

Experimental group at KTH consists of about 10 persons
(researchers, Ph D students, engineers and technicians)

Research budget ca 10 Mkr/y
Funding: KTH (60%), VR (20%), EU (20%).

b e L -




EXTRAP T2R, Alfvenlaboratoriet, KTH

Scandinavia’s only fusion experiment — reversed-field pinch
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Fusion experiment EXTRAP T2R
at KTH

Magnetic field
from plasma
current

Plasma
current \
MMagnetic
field from

magnetic external coils

field




PLASMA INSTABILITIES

One of the main problems to develop a fusion reactor are plasma instabilities

They can:

e reduce plasma temperature

e damage the wall material

e produce a sudden termination of the plasma

Example of an instability: Resistive Wall Mode (RWM)

t=0.5ms

Experimental data
Jfrom EXTRAP T2R




EXTRAP T2R CONTRIBUTION

Here we are developing and improving methods
to suppress/control instabilities




L s EUROPEAN
COMMISSION

®Euratom - CEA (1958)
France

®Euratom — ENEA (1960)
Italy (incl. Malta)
®Euratom - IPP (1961)
Germany

®Euratom - FOM (1962)
The Netherlands
®Euratom - FZJ (1962)
Germany

®Euratom - Belgian State

Belgium (1969)

(incl. Luxembourg)
®Euratom - RIS@  (1973)
Denmark

®Euratom — UKAEA (1973)
United Kingdom
®Euratom - VR (1976)
Sweden

®Euratom - Conf. Suisse
Switzerland

(1979)

®Euratom - FZK (1982)
Germany

®Euratom —CIEMAT (1986)
Spain

®Euratom — IST (1990)
Portugal

istributed R&D 26 Associations

in an Integrated Programme

il L
ountries participating in the European Fusion Programme

B Member States

B Countries associated to the
Euratom Framework Programme

Laboratories of Euratom
Fusion-Associations

®Euratom - TEKES (1995)
Finland (incl. Estonia)
®Euratom - DCU (1996)
Ireland

@Euratom - OAW  (1996)
Austria

®Eur - Hellenic Rep (1999)
Greece (incl. Cyprus)
®Euratom - IPP.CR (1999)
Czech Rep.

®Euratom - HAS (1999)
Hungary

®Euratom — MEdC (1999)
Romania

®Euratom — Univ. Latvia
Latvia

(2002)

®Euratom - IPPLM (2005)
Poland

®Euratom - MHEST (2005)
Slovenia

®Euratom — CU (2007)
Slovakia

®Euratom — INRNE (2007)
Bulgaria

®Euratom — LEI (2007)
Lithuania




Focus areas of magnetic fusion research

1) Instabilities — difficult to confine a plasma at high
density and temperature with moderate magnetic

fields

2) Turbulence — breaks up field lines and limits
confinement time

3) Heat flow — high volume to surface ratio implies
strong heat flow against wall

4) Neutron impact — the wall materials must
withstand strong neutron flows




Inertial confinement

Beams of laser light or heavy ions targeted on small pellet of
‘fuel’ (hydrogen isotopes).

Surface heating ablates material leading to compression of
pellet by rocket action.

At sufficient temperature and density: fusion occurs.
For economic power production, need to repeat 5-10 times s,

. A
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heating Compression




National Ignition Facility (NIF),
Livermore, CA ( )




‘ Inertial Confinement Fusion: How to Make a Star

—
\ V\( Inside the 30-foot-wide target chamber, a gold cylinder the size of a dime receives energy from

all 192 laser beams simultaneously: about 1.8 million joules over a few billionths of a second
(about 500 trillion watts, which is nearly 1,000 times the power generated in the United States
:“ c’:‘; "(1)_ :" é‘hLl over the same time period). This cylinder then produces X-rays that compress and heat a fusion
capsule inside the cylinder to temperatures and pressures approaching those in a nuclear
FACILITY - : A : z o ; :
explosion or in the sun, igniting the fusion fuel in a self-sustaining reaction and creating a
miniature star in the laboratory.

NIF will employ a process called inertial confinement fusion, in which either

Main Master laser or X-ray energy striking the outside of the target fuses atoms of

amplifiers il oscillator  deuterium (hydrogen with one neutron) or tritium (hydrogen with two
§ neutrons) together, creating helium atoms, extra neutrons and large
amounts of energy. NIF is the first laser in which the energy
released by the fusion fuel can exceed the laser energy
A T used to produce the fusion reaction. In a self-sustaining
Power N\ # ot S fusion reaction, after the capsule is compressed and
amplifiers U5 72888, O L heated to the point of ignition, the release of fusion

room

e

energy by the fuel drives the rest of the
fusion reactions until the fuel is spent.
Inertial confinement fusion is limited
by the amount of fusion fuel in
the tiny capsule, and is
therefore totally controllable.

Transport
spatial filters

Target
chamber

Hohlraum




National Ignition Facility (NIF),
Livermore, CA ( )

s Y Sea

st 1K d
nde o e ot v "-A.*A-é&’. ¥

~ > 3 ,J-X-.k:-r:‘< . ‘j—" '-;- L B T y
A A [ AR

e ,_,.~;_nr:rr.mg.ﬁ)'nrrrrv
'\f‘ ! | bk i

s o g

P e o

=5
.. T—ou‘l" ) ~
RS ST e RS 5




Laser Mégajoule,
Bordeaux, Frankrike (

Du laser a la cible

Avec 240 faisceaux lasers regroupés en 60 « quadruplets », concentrés sur une cible de 2,5 mm de diamétre, placée dans
une chambre de 10 m de diamétre ; elle-méme située dans un hall d'expérience cylindrique de 60 m de diamétre et de 40 m
de haut, au centre d'un batiment de plus de 300 m de long : le LMJ est un formidable amplificateur d’énergie lumineuse.
Entre la lumiére issue de |la source laser, dont |'énergie est comparable a celle que I'on trouve dans les lecteurs de CD, et la
chambre d'expérience, I’énergie aura été amplifiée de plus de mille milliards de fois.

LE LASER MEGA

LE HALL D'EX
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1 Fusion or .
L niwsion? . “Kall fusion”

3 4
Distance (fm)

Coulomb-potentialen mellan
tva positiva laddningar kraver
HOGA partikel-energier...

Applen faller inte uppaét. ..

~ &

Muon-katalyserad fusion enda
tankbara kall-fusionsprincipen,
men fungerar inte heller...




MCF (magnetic confinement fusion):
n=104° particles m=, t-=10 s

MTF (magnetized target fusion):
n=10% particles m3,t-=10* s

ICF (inertial confinement fusion):
n=1031 particles m=3, {-=10"10 s




Advantages:

* Much smaller than standard tokamak
* Low cost

Magnetized Target Fusion

Disadvantages: Compressed o

thermonuclear

° Pulsed condition
e Dwell time still too short Bkt

> LY

Liner
Implosion

Injector
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General Fusion

Plasma injector

Pneumatic

pistons X‘“’

™

Plasma
toreid

Plasma injector

Cylindncal
_— vortex
cavity

Rotating liquid
lead/lithium
solution
within spherical
tank

FUSION
DEMONSTRATOR




Mirror fusion plasma

neutral beam

injectors
D blanket absorbs neutrons to breed
fuel and transfer heat to turbines




Colliding p-B plasmas

TRAPPING
FUSION FIRE

When a superhot, ionized plasma is trapped in a
magnetic field, it will fight to escape. Reactors are
designed to keep it confined for long enough for
the nuclei to fuse and produce energy.

A CHOICE OF FUELS

Many light isotopes will fuse to release
energy. A deuterium-tritium mix ignites at
the lowest temperature, roughly 100 million
kelvin, but produces neutrons that make the
reactor radioactive. Other fuels avoid that,
but ignite at much higher temperatures.

D-T Tritium Neutron
@) -+ & — @ + @

Deuférium Helium-4 (o)

: 707 a a

Boron-11

Plasmoid

Magnetic field coils

(MENE]
chamber

TOKAMAK

(ITER AND MANY OTHERS)

Multiple coils produce magnetic fields that
hold the plasma in the chamber. A coil
through the centre drives a current
through the plasma to keep it hot.

Fuel beams

Central

Central plasmoid

chamber

Liquid metal

vortex

Pistons Plasma

MAGNETIZED TARGET REACTOR
(GENERAL FUSION)

Magnetized rings of plasma are injected
into a vortex of liquid metal. Pistons punch
the metal inwards, compressing the plasma
to ignite fusion.

COLLIDING BEAM FUSION REACTOR
(TRI ALPHA ENERGY)

‘Cannons' fire plasma vortices into a
chamber, where they merge into a
stationary vortex. This is suspended in
magnetic fields, and is kept heated by
beams of fresh fuel.




A good neutron source

Copper Outer Electrode

5 MW Generator
§ Conductor (Brass) . « Clean
F ' 7 * Inexpensive
.+ Safe
* Compact
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What are the costs

for fusion?




Stern report 2006 - “The Economics of Climate Change”

Figure 16.8 Public energy R&D in |IEA countries’

mil USD, 2004 prices and exchange rates
25,000

W Other
W Power & Storage technologies
Nuclear Fusion
l W Nuclear Fission
= - Renewable Energy
m Fossil Fuels

- 22 B Conservation
Sspip
||I|I LTI

1974 1979 1984 1989 1994 1999 2004

In a 700 page report, on connection between world economy and global heating,
Stern emphasizes the importance of a new policy for investment in innovations
within the energy field:

""Globally, support for energy R&D should at least double, and support for the
deployment of new low-carbon technologies should increase up to fivefold."




DEMO parameters:
factors in Cost of Electricity

e DEMO Phase 2 is the last stage before Commercial Power
Plant - we must consider Cost of Electricity (CoE).

| » PPCS studies reveal Relatively simple scaling can be
developed for Cost of Electricity (CoE).

e CoE depends on:

e capital cost and hence size of ‘nuclear island’
(magnets,vacuum vessel, vessel contents)

e Operational parameterS'

COEOC( )()()

l l

() 5 ()4 )4 ()
f/l (’ 1

Availability e
PhySICS high B, high density

Thermodynamic efﬂmency
Net electrical power
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Economy for fusion

Direct costs (COE), according to EFDA SERF-study:
ca 0.06-0.08 €/kWh electricity
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’ Power Plant

1.00E+02 1.00E+04 1.00E+06 1.00E+08 1.00E+10

Fusion Power (W

Direct costs: construction, maintenance, fuelling, shutdown.




Energiequelle

Kapitalkosten  Produkti-
in onskosten in
Euro pro kW  Euro per kWh

Emission
von Treib-
hausgasen

in °C
equiv. pro
kWh

Ubliche
Grofle des
Kraftwerks

in kW

Landverbrauch
in km? pro
1.000 MW

1.000- | . 1-2

,o plus

o 1.000 -

Kernspaltung

Solar PV
(photovolta-
isch)

Wind

Biomasse

Fusion

1.000 - 1.500 0,05 -0,08

4.000 -
6.000*%*

0,06 -0,10

0,05 - 0,10%**

1 plus Minen
und Sicher-
heitszonen****

250.000 -
1.000.000

0,1-100.000

1.000.000 -

1.300 - 1.700 0,05-0,10 1-150.000 - 2.000

3.000.000

Direct costs
for different
energy
sources

(Energy Information
Agency, EFDA)
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External costs: greenhouse gas effects on environment, pollution, waste
management, radioactivity, accidents.

Only windpower has lower external costs than fusion!

From EFDA SERF-study (2007)




Conclusions




Fusion energy is needed
- and is on its way

EFDA Cost-optimized for max 550 ppm CO, year 2100

EUROPEAN FUSION DEVELOPMENT AGREEMENT

Electricity production. Europe. Base scenario

50000

2010 2020 2030 2060 2070 2080

Unique sustainable and clean base load power that,
with renewables, can phase out fossil fuels

Fuel for millions of years, over the whole planet
Good economy when external costs are included
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ENERGY AND FUSION RESEARCH - AN INTRODUCTORY
COURSE

This introductory course will present the state of today's fusion research
and provide insight into the physics and technology of fusion.

The development of fusion has now reached a state when it may be said that
fusion power will indeed be realized. In this course, different solutions to
"the greatest technological challenge ever pursued" will be presented.

As a background, we will discuss the energy problems that threat to become
critical towards the mid-century, unless new energy sources are developed.
Comparisons with the non-fossil energy sources that are known today will
be made.

Help! Search gg@ Pa svenska

Energy and Fusion
Research
COURSE ED2200 | 6.0 CREDITS

e - .
1Q Search within the the course
\

110 subscribers Your subscription
SCHEDULE

General course pages New page

Course analysis
Course-PM

» Course plan etc

My course round (VT 2013
E/F/CL/TELFM)

VT 2013 E/F/CL/TELFM New page
Examination results

Other course rounds ¥
Change course round
Copy pages between course rounds

Create group of course rounds




That was all,

thank youl!




Fusion Power Plant operation

coolant i Steam
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Vessel | coils v shield

Electric
Power
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processing
plant




Magnetic coils for plasma confinement
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Plasma instabilities
- and feedback stabilisation

1. Plasma instability: small
perturbations lead to growing
deformations

Conducting Wall

Passive stabilisation: an
electrically conducting shell confines
the magnetic field and provides
damping of the perturbation by the
magnetic pressure at the wall

3. Active stabilisation: The
perturbation can be completely
damped when the shell is combined
with outer magnetic coils that provide
magnetic return forces on the plasma




Potential for

sSensors

ACTIVE COIL

Active plasma control in ITER can improve plasma stability

* Higher plasma pressure can be confined
=> more fusion reactions per second results.




Vacuum chamber

The vacuum chamber is made of stainless
steel - as a thin-shell, ring-shaped bellow

i unmmuwmm\\ ‘

Ports for plasma
diagnostics and

“Limiters” by vacuum pumps
molybdenum

———— i /
Plasma - wall interaction is minimized by
“limiters” by molybdenum,
“catching” the heat flow from the plasma




Sensors for magnetic field mesurements

Cables from
magnetic sensors

{

1 .
| 815 TR\
b

Tl

Some 900 magnetic
field sensors
(electrically insulated)

Placed on outside of
vacuum chamber




Plasma perturbation in EXTRAP T2R

The plasma deformation
grows in time
(exaggerated here)

Experiment, showing light
from parts of wall that are
in contact with the plasma

Camera view for
picture at the right




