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The tokamak

and the alternatives

Jan Scheffel, professor

Fusion Plasma Physics
KTH
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gravitational magnetic inertial

Magnetic confinement appears most favourable

for energy production on earth




Triple product
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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 INSTABILITET
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1954-1958 :
a=0.48m,
R=1.5m,
T.~1,700,000°K,
te~v1ms




The Tokamak- a Soviet invention

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

Time:
1950-60

Place:
Moscow

Characteristic:
Strong magnetic field




JET - the world’s largest fusion experiment

Location:
Culham, England

European project




JET - the world’s largest fusion experiment

83./772¢C

JET
Tokamak




Demonstration in JET:
production of fusion energy

16.2 M

(World Record)
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1.7 MW
(World First)
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Progress in ITER like Scenario
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Fusion devices in the EU

make a major contribution
to the databases for ITER
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Fusion progress is comparable with other fields

J B Lister, April 2001
Rapid progres s in different high technology felds N‘I'_(

TER target of Ti=18 keV, ntau 410 ' m e mm e mmmmmmm ] n = Density

a measure of the number

; Fusion: Triple product n T tau of reactions we can have

doubles every 1.8 yedars

T = Temperature
a measure of the energy
given to the fuel particles

Alcaior Agy T = Confinement time

a measure of the thermal
insulation of the fuel

SppS

Accelerators: Energy doubles every 3 years

Moore’s Law: Transistor number doubles every 2 mrs_g

| | 1 1 1 | |
1965 1970 1975 1950 1985 1990 1995 2000 2005
Yedar




Development of fusion energy

10 seconds

500-700MW 5 minutes

2035/40 1.5-2GW days/stationary 30




ITER - next step towards fusion

Location:
Cadarache, France

Collaboration:
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

More than double the | | High Energy /
Progress in Controlled Fusion Multiplication
Ignition

and Sustained
Burn

. { Iter\

3rd Generation
~1990-2000

Central lon Temperature (MK)

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

1

1017 1018 107 1020 1021 1022

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




Comparison JET - ITER




ITER - Goals

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

u Smaller than a power station but big enough

to prove principle.
Optimize plasma physics.

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

In operation: for 20 years.




ITER s mission: physics of burning
(self-heating) plasma

) ITER: nTz sufficient for
Tokamak operation so far: dominant self-heating
external heating

For example wave heating: D+T ﬁ 4 He + n + Energy

 1ESONance

' layer

1
plasma 1

5 fusion produced power
externally applied heating power to plasma
— 10

a-heating of plasma
— 2 xexternally applied heating power to plasma




Integration - Engineering

Airbus 380: 10°
components
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Courtesy CIEMAT

ITER: 107 components




ITER - next step towards fusion

Location:
Cadarache, France

Collaboration:
EU

China

Japan

Russia

South Korea
India

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

45 %o of ITE R construction costs
34 9% of operation, deactivation, decommissioning
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ITER
Wall sector




Fusion
Roadmap

Fusion Electricity - EFDA November 2012

. Plasma operation

. Heat exhaust

. Materials

. Tritium breeding

. Safety

. DEMO

. Low cost

. Stellarator

¥ Milestone
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Inductive W ITER steady state JET
Steady state regimes

Medium Sized Tokamaks ﬁ - ’
- ’ 2 ITER
g

% WIterRQ =10 JT-605A
Baseline strategy
Advanced configuration and materials

WEagses s M

Medium Sized Tokamaks, linear plasma devices and Divertor Tokamak Test Facility (DTT) S
Early Neutron Source
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Chinese Fusion Engineering Testing Reactor (CFETR) and Fusion Neutron Science (FNS) facility (US)

]

ITER TBM programme
Parallel Blanket Concepts

’ DEMO Fusion Electricity
: v A4

Component Design and Engineering Design  Construction  Opetion

Low capital cost and long term technologies

Stellarator optimisation Burning Plasma Stellarator

g-::.‘a'r&) G12.3561

2010 2020 2030 2040 2050

The missions to the realisation of fusion electricity



Can we improve the tokamak?

Eagge aspect ratio
(conventional tokamak

Small aspect\
ratio (spherical,
tokamak) .




Magnetic confinement

Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils

‘ /l\\\\lr/

(for plasma positioning and shaping)

\

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)




Different magnetic confinement schemes

Tokamak Stellarator Reversed-field Pinch

EU world leading
The tokamak is presently the main line



Alternative configurations

PROPERTY

Compact size

High beta value

Burning plasma

Continuous operation

Low recirculating power

Possibility - advanced fuels
Possibility - direct conv. to electricity
Environmentally superior

COE lower than for fossils or fission

CONVENTIONAL
TOKAMAK

NO
NO




From NJ to your neighborhood

FF-1, 2015 FF-X, 2018 w










Plasma injector

Pneumatic Cylindrical
e il

pistons ~ PR £ 4y _— vortex
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Plasma
toroid

Rotating liquid
lead/lithium
solution
within spherical
tank

Plasma injector







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
Deuterium Helium-4 (a)

D-D
%/ + % B &\ + @
B a

D Helium-3

D-*He

Q- @—> @+

D He '« Proton
p-1B

e+ o8, _ O&+ 0& + /.&
a a a

Boron-11

Magnetic field coils

Plasma
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

Plasmoid

chamber

Central
Central plasmoid

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.




Alternative configurations
- classification MCF

High beta, low magnetic field: e Reversed-field pinch (RFP)

e Spherical tokamak

Low beta, high magnetic field: e Compact tokamak

Low beta, low magnetic field: e Stellarator




Advantages:
» Smaller than standard tokamak (lower cost)

* Higher plasma pressure
* No disruptions

* Good energy confinement

VACUUM
VESSEL

PRIMARY COILS
(OHMIC HEATING)

Drawbacks:

* Inner conductor exposed to heat and neutrons
* Neutron economy 1S an 1ssue

POSITION
CONTROL
CoiLs

TOROIDAL
FIELD COIL




A MAST plasma

MAST - Culham, England



Tokamak Energy — Superconducting coils
Spherical tokamak

The Technology (’*)'

Spherical Tokamaks High Temperature
Squashed shape Superconductors
Highly efficient High current at high

From 12% to 40% efficiency field
Lower cryogenic cooling

requirements

smaller, cheaper,

factar




InsideISil 40‘ the world's first high-field spherical tokamak

Tokamak Energy — ST 40
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Tokamak Energy — ST 40




T \/)
Br Reversed

Advantages:

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

* Lower magnetic field

e Ohmical heating to 1gnition possible

Drawbacks:
e Limited energy confinement
* Instabilities and current profile must be controlled




RFP characteristics

Tearing stability depends on the current profile, suggesting
modification of the current drive method

Standard RFP J(r)-Controlled RFP
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Current drive “replaces” dynamo

Mostly poloidal current drive

Sovinec, Prager, Ho 1999

* Stochastic inner plasma region

*Smallq(r) » Tearing modes stabilized by
* Shear stabilization current profile control




Present RFP experiments

R XN PRI
& 3

. MST (UW-Madison) S£825—==

~R/a=15m/0.5m

» Extrap-T2R (Sweden) m
Ra=124M/0.18 m &

' RFX Mod (|ta|y) o

RELAX (Japan) ||
R/a=0.5m/0.25m




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%).
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HEHuERLK ELITES
- 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




Sensors for magnetic field mesurements

Cables from
magnetic sensors

Some 900 magnetic
field sensors

(electrically insulated)

Placed on outside of

il 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




Advantages:

* High magnetic field => high density

» Extremely compact (R <1 m)

 Plug-1n reactor core => short shut-down
Drawbacks:

» Copper coils inside blanket




Advantages:
* No plasma current
» Continuous operation

* Good confinement of particles and energy
e Modular reactor — simple service

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




@ EUROfusion

Injection Port Coil

Plasma

Wendelstein VII-AS

Wendelstein VII-AS — Stellarator in
Garching, Tyskland




Max-Planck-Institut

Wendelstein 7-X 'C: } fiir Plasmaphysik

EURATOM Assaziafion




’ A ‘.‘ ‘ Y. v e
Frankfurt, 11. Juli 2006



Max-Planck-Institut
fur Plasmaphysik

Superconducting coils = WM i Pazmanh




Inertial confinement

u 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.

» When sufficient temperature and density is reached: fusion
OCCurs.

»m For economic power production, need to repeat 5-10 times per

second.




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




‘ Inertial Confinement Fusion: How to Make a Star

—
N\* 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
N é\; IICT> N g‘ 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 L. : s 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
Master laser or X-ray energy striking the outside of the target fuses atoms of
oscillator  deuterium (hydrogen with one neutron) or tritium (hydrogen with two
poom neutrons) together, creating helium atoms, extra neutrons and large
& M amounts of energy. NIF is the first laser in which the energy

ET
amplifiers

released by the fusion fuel can exceed the laser energy
used to produce the fusion reaction. In a self-sustaining

.' N
."' ' fusion reaction, after the capsule is compressed and

Power

- N2 s o Z b
amplifiers = ZEah, ! & . heated to the point of ignition, the release of fusion
R e O N 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

Hohlraum




National Ignition Facility (NIF), Livermore,
CA (inertial fusion)
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National Ignition Facility (NIF), Livermore,
CA (inertial fusion)
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National Ignition Facility (NIF), Livermore,
CA (inertial fusion
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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 diameétre, 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 MEGAJOULE







Fusion — fission hybrid




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

40000

-
a

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

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

u Fuel for millions of years, over the whole planet
Good economy when external costs are included




