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• David Ward, UKAEA presentation on fusion
• David Campbell, ITER Fusion S&T
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Global Warming and How much Oil is left?Global Warming and How much Oil is left?

Oil reservesOil reserves

60 000 year CO2 level
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Fusion powers the sun and the starsFusion powers the sun and the stars
“…Prometheus steals fire from the heaven”“…Prometheus steals fire from the heaven”

• Essentially limitless fuel, available all 
over the world

• No greenhouse gases

• Intrinsic safety

On Earth, 

fusion could provide: Intrinsic safety

• No long-lived radioactive waste

Large scale energy production

fusion could provide:
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• Large-scale energy production



Atomic PhysicsAtomic Physics
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What’s a PlasmaWhat’s a Plasma

• Plasma is an ionized gas,
A t i ti f• A certain proportion of 
electrons are free, rather 
than being bound to an atomthan being bound to an atom 
or molecule. 

• The ability of the positiveThe ability of the positive 
and negative charges to 
move somewhat 
independently makes the 
plasma electrically 
conductive so that itconductive so that it 
responds strongly to 
electromagnetic fields.
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electromagnetic fields.



Nuclear Physics: E=mcNuclear Physics: E=mc22
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Fusion FuelFusion Fuel

• Raw fuel of a fusion reactor is water and lithium*

Lithi i l t b tt + h lf b th f ll f di t ( >• Lithium in one laptop battery + half a bath-full of ordinary water (-> one 
egg cup full of heavy water) 200,000 kW-hours 

• = (current UK electricity production)/(population of the UK) for 30 years

* deuterium/hydrogen = 1/6700
i i f (f f i ) li hi i i h li
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+ tritium from: neutron (from fusion) + lithium → tritium + helium
Courtesy: CLS



Three Ways to Fusion in the UniverseThree Ways to Fusion in the Universe

15 Million Deg

100-200 Million degree

Will not talk about cold fusion !
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Will not talk about cold fusion !



Fusion in the Universe Fusion in the Universe 

=3x109atm
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ComparisonComparison
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The Fusion Reaction on EarthThe Fusion Reaction on Earth
“... is not the same as in the Sun““... is not the same as in the Sun“

CH4 + 2O2 --> CO2 + 2H2O     +      5.5 eV           (chemical)
41H + 2e --> 4He + 2 υ+ 6 γ +    26.7 MeV        (solar process)

+ 3 5 M V+ 3.5 MeV

+ 14.1 MeV
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Why DWhy D--T: Ignition TemperatureT: Ignition Temperature
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Why DWhy D--T: Cross sectionT: Cross section
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Fusion History: The Russian Fusion History: The Russian 
Point of View…Point of View…

• 1928.G.Gamov -the theory
• 1930.Olifant,Kurchatov,Sinelnikov, exp.-

proton beam Li targetproton beam, Li target
• 1932.Bucharin proposals to Gamov: Moscows 

electricity every night!
• Gamov left USSRGamov left USSR
• 20 years pausa
• …..not quite correct!!!
E. Velikhov; AAAS 2008 Annual Meeting
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What did the Fusion Community Promise?What did the Fusion Community Promise?
A short history of Fusiony

• E = M * C2

• 1900: “the Mass deficit” on the sun
• 1920: Hydrogen to Helium “burning” process was speculated
• 1928: Gamow uses “tunnel effect” to explain fusionp
• 1934: Rutherford D+T=>He
• C.F. Weizsäcker/H.Bethe: Proton-Proton chain
• 1939: H. Bethe,’Energy Production in Stars’; Nobel P 1968
• 1945: Fermi+Teller: Magnetic confinement of hot plasmasg p
• 1946: first patent in Britain
• 1951: Péron and the Stellarator; R. Richter: Austrian/German
• 1951: L. Spitzer: Stellarator experiment in Princeton. –
• 1950: Sacharow+Tamm first linear device:

– 1955: first TokamakTMP 
• 1955: J.D. Lawson: “Lawson Criterion” 
• 1957: ZETA
• 1958: Kurchatov announced effort of Nuclear Fusion
• 1968: L.Artsimowitsch: “Confinement” and the way to 

“break” even.
• Europe: 1958 foundation of Euratom and the way to JET 

which was planned in England, thought to be build in 
Garching and finally began operation in 1983 in Culham.Garching and finally began operation in 1983 in Culham.

• Chernobyl disaster led to a decreased interest in nuclear 
energy…(56 direct death, 47 emergency workers, ~6000 
cancer cases)
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• In the middle of the ’90s: price per barrel ~20$, and very little 
investment was done in alternative energies… The dangling “Carrot” ….The dangling “Carrot” ….



ConfinementConfinement

• Confinement: the energy balance in a fusion reactor The• Confinement: the energy balance in a fusion reactor. The 
particles in a reacting plasma have been heated to a high 
temperature 

• This requires an input of energy which is wasted for ions which 
are lost before they undergo an energy producing fusion 
reactionreaction

• Therefore confinement must be sufficiently good so a large 
enough fraction of the ions react before their energy is lostenough fraction of the ions react before their energy is lost

• This leads to a simple criterion, first derived by Lawson, that 
the product the density n in the plasma and the confinement 
time t must be greater than a given number
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Lawson: The Fusion LingoLawson: The Fusion Lingo

• Confinement Time secperlostEnergy
Plasma in theEnergy =τ

secper lost Energy 

• Density -320 m particles 10 x 2-1=n

K l iMilli200100• Temperature KelvinMillion 200-100

sec
103 3

28⋅≥⋅⋅
m
KelvinTn τ
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Magnetic ConfinementMagnetic Confinement

• Lawson:
– Plasma density
– Confinement time
– Plasma 

temperature
• But: the plasma 

does not behave !!!does not behave !!!
– Instabilities

Material problems– Material problems
– contamination 
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Basic Ingredients for Fusion Basic Ingredients for Fusion 

• A large Vacuum tube to 
h ldhold gas

• A magnetic field

• Radio frequency heating 
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A Fusion power plant would be likeA Fusion power plant would be like

N t t

A Fusion power plant would be like…A Fusion power plant would be like…

Lithium 
compound

Not to 
scale !
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The Basic TokamakThe Basic Tokamak
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The Torus

Magnetic BottleMagnetic Bottle

• Ohmic heating:~R*I^2

2
3
1

eT
≈• Resistivity dependent on 

temperature of electrons: 2
3

1

eT
≈

• The ohmic heating is very strong at 
low temperatures but becomes less 
ff ti t hi h t t

e
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effective at higher temperatures



Life is not that easy…Life is not that easy…
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Plasma StabilityPlasma Stability
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Basic Principle of Stable Motion of Ions Basic Principle of Stable Motion of Ions 
in Magnetically confined Plasmain Magnetically confined Plasmag yg y
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Tokamak and StellaratorTokamak and Stellarator
"тороидальная камера в магнитных катушках" 

(toroidal'naya kamera v magnitnykh katushkakh) —
toroidal chamber in magnetic coils (Tochamac)).
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The First DevicesThe First Devices
The 40’s-50’s: ZETA

•

The 40 s-50 s: ZETA
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IAEA: 1958 First Geneva Conference



• 1946 J.Tompson,M.Blecman - DD, 9MW 
th l t 500 kAthermal,torus , 500 kA.

• 1944-46 Los Alamos: E.Fermi, E. Teller, J.Tac, 
C.Ulam

• 1948 P.Tonemann exp.J=27 kA.p
• 1951 X.Peron (March 21)
• 1951 L Spitzer Stellarator B=2T beta=50% (april)• 1951 L.Spitzer Stellarator B=2T, beta=50% (april)
• 1951 Stalin sign Order for MTR (May 5)
• 1955 first Tokamak TMP
• 1957 ZETA
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Plasma Fusion Plasma Fusion 
PerformancePerformance

Fusion power amplification: Q Fusion Power ~ n Tτ

PerformancePerformance

Fusion power amplification:
  
Q =

Input  Power
~ niTiτE

⇒ Present devices: Q ≤ 1

⇒ “Controlled ignition”: Q ≥ 30

Predicted parameters in ITER (Q=10):

ni(0) ~ 1020 m-3

Ti(0) ~ 25 keV
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τE ~ 3.5 s



Fusion Triple ProductFusion Triple Product

• Existing experiments have 
hi d T l ITERachieved nτT values

~ 1×1021 m-3s-1keV
~ QDT = 1

ITER

• JET and TFTR have 
produced DT fusion powers p p
of >10MW for ~1s

• ITER is designed to a scaleITER is designed to a scale 
which should yield
QDT > 10 at a fusion power 
of 400 500MW for ~400sof 400 - 500MW for ~400s
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In reactor, alpha heating power is dominantIn reactor, alpha heating power is dominant, p g p, p g p
-- The plasma determines its own profile.The plasma determines its own profile.
-- The major power must be widely distributed on the first wall.The major power must be widely distributed on the first wall.j p yj p y

Present device Fusion reactor

Q = 1 Pfusion = 2.5 GW
Q = 25

外部加熱10 MWPext =10 MW

Pfusion = 10 MW
neutron 8 MW

α 2 MW 500 MW
Pext = 100 MW neutron 2 GW

α 500MW

Ptot = 12 MW
Ptot = 600 MW

Acceptable 
power
~30 MW
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~100 MW                            24hr/day<1000s/day



Plasma HeatingPlasma Heating
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Joint European Torus (JET)Joint European Torus (JET)

Currently the world’s largest fusion research facility
Operated by UKAEA as a facility for European scientistsp y y p
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ITER, one of a kind, but not the first fusion facilitiy ITER, one of a kind, but not the first fusion facilitiy 
Plasma edge 

effect
Plasma edge 

effect

ITER specific ITER specific p
issues:

Dust tritium 
invento

p
issues:

Dust tritium 
invento

TRIAM JTRIAM JTRIAM, JTRIAM, J

EAST, ChinaEAST, China
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ITER Plasma Scenario ITER Plasma Scenario -- ELMy HELMy H--modemode
• Conventionally, plasma confinement regimes denoted

L-mode and H-mode
• The difference between these modes is caused by the formation of an 

edge pedestal in which transport is significantly reduced - edge transport 
barrierbarrier

• edge localized modes maintain plasma in quasi-stationary state

JETJET
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JET: The Key FacilityJET: The Key Facility

• JET: 16 MW 
of fusion 
power ~ equal p q
to heating 
powerpower. 

• Ready to build 
MASTa Giga Watt-

scale 
tokamak: 
ITER
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ITER



JET/JTJET/JT--60/TFTR 60/TFTR → ITER→ ITER
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SummarySummary

• Basic of Fusion
• Fusion History
• Confinement• Confinement
• Stability
• Tokamaks and Stellerators

TFTR JT 60 d JET Th t t f th t• TFTR-JT 60 and JET: The state of the art
• ITER…. The next lecture!
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