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Fusion powers the sun and the stars

“...Prometheus steals fire from the heaven”

« Essentially limitless fuel, available all
over the world

On Earth, « No greenhouse gases
fusion could provide: * Intrinsic safety
* No long-lived radioactive waste

» Large-scale energy production
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Atomic Physics

Hydrogen = 1H1 Deuterium = 1H2 Tritium = 1H3

.|HI| ..|H2 1H3
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What’s a Plasma
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Plasma is an ionized gas,

A certain proportion of
electrons are free, rather
than being bound to an atom
or molecule.

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



Nuclear Physics: E=mc?
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Fusion Fuel

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

45 litres water + 1 lap-top battery

e Lithium in one laptop battery + half a bath-full of ordinary water (-> one
egg cup full of heavy water) =——> 200,000 kW-hours

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

* deuterium/hydrogen = 1/6700

+ tritium from: neutron (from fusion) + lithium — tritium + helium
Courtesy: CLS
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Three Ways to Fusion in the Universe

GRAVITATIONAL
CONFINEMENT
(High density for
billions of years)

FUEL PELLET

INTENSE
ENERGY
BEAMS

INERTIAL CONFINEMENT
(High density for less than a
billionth of a second)

100-200 Million degree

MAGNETIC CONFINEMENT
(Low density for seconds)

Wil not talk about cold fusion !
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Temperature (°K)
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Fusion in the Universe
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The Fusion Reaction on Earth
“...1s not the same as in the Sun*

CH,+20,-->C0O,+2H,0 + 55eV (chemical)
4H+2e-->4He +2v+ 6y + 26.7 MeV (solar process)

D+T ~——p “He + n + Energy

N +14.1 MeV
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Why D-T: Ignition Temperature

Reaction ghnition Temperature Output Energy
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The “easiest” fusion reaction uses hydrogen
sotopes: deuterium (D) & tritium (T)

1DE - 1T3 — 2H94 T Dn1

[

(3.5 MeV) (14.1 MeV)
N

Energy/Fusion: g1 =17.6 MeV
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Fusion History: The Russian
Point of View...

e 1928.G.Gamov -the theory

e 1930.0lifant,Kurchatov,Sinelnikov, exp.-
proton beam, LI target

e 1932.Bucharin proposals to Gamov: Moscows
electricity every night!

« Gamov left USSR
e 20 years pausa

° ... not quite correct!!!
E. Velikhov; AAAS 2008 Annual Meeting



What did the Fusion Community Promise?

A short history of Fusion

e 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 fusion
 1934: Rutherford D+T=>He
« C.F. Weizsacker/H.Bethe: Proton-Proton chain I
 1939: H. Bethe,’Energy Production in Stars’; Nobel P 1968
* 1945: Fermi+Teller: Magnetic confinement of hot plasmas
* 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”
o 1957: ZETA

e 1958: Kurchatov announced effort of Nuclear Fusion 1
« 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 i
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)

e In the middle of the ’90s: price per barrel ~20$, and very little
investment was done in alternative energies...
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Confinement

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
reaction

Therefore confinement must be sufficiently good so a large

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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~

e Confinement Time T =

Lawson: The Fusion Lingo

Energy in the Plasma
Energy lost per sec

« Density n=1-2x10% particlesm™
o Temperature 100- 200 Million Kelvin
Kelvin
n-z-T>3-10%

m’ - sec
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Magnetic Confinement

e Lawson: .
— Plasma density -.--'"'r‘ﬂ'“"‘_—"“-i*"““‘ﬂ"“'
— Confinement time | S T
— Plasma v N /‘ 2
temperature |
 But: the plasma Charges in a magnetie field

does not behave !!!

— Instabilities

| .
. | a
— Material problems ;Y{;ﬂm

— contamination
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Basic Ingredients for Fusion

e A large Vacuum tube to
hold gas

* A magnetic field

o
. ] e Radio frequency heating
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Primary fuels

A El l‘:‘l‘ A S U A F S N I‘I‘Al“ \Y VvV _NI IIJ I‘A I:IIA
A T"'USIVIT pUWECIT pPidllilt wWwOUIU N TIRKC...
~ Not to
Lithium Blanket Scale |
‘ compound - -
. Li ‘
Deuterium T
\—T J
Vacuum 44— 1
Helium (non-radioactive ash
DT, He _eossscss L
e [4H
S % T i
Heat Exchanger
Lithium TI
L

CERN Lecture Series

oI I]]

| Generator

S

S

Steam generator

Turbine



The Basic Tokamak

Toroidal Magnetic

Confinement of
Plasma
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The Torus

R

Magnetic Bottle

e Ohmic heating:~R*I"2
* Resistivity dependenton 1
temperature of electrons: %

 The ohmic heating is very strong at

low temperatures but becomes less U U U

effective at higher temperatures

Plasma
current

Combined,
helical field
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Figure 1.3. Photographs from early pinch experiments showing how the discharee initially
forms a symmetric toroidal ring, but then develops a kink instability.
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Basic Principle of Stable Motion of lons
in Magnetically confined Plasma

Re=ultant field @ @



Tokamak and Stellarator

"TopoupanbHas Kamepa B MarHMTHbIX KaTywkax"
(toroidal'naya kamera v magnitnykh katushkakh) —
toroidal chamber in magnetic coils (Tochamac)).

Magnetic Circuit
(iron transformer core)

Primary Transformer Circuit
(inner poloidal field coils)

Toroidal Field
Coils

Plasma Positioning
and Shaping Coils
outer poloidal field coils)

Toroidal field

Resultant Helical
Magnetic Field
(exaggerated)

Secondary transformer circuit
(plasma with plasma current, 1,)
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The First Devices

IAEA: 1958 First Geneva Conference
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e 1946 J.Tompson,M.Blecman - DD, 9MW
thermal,torus , 500 KA.

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

e 1948 P.Tonemann exp.J=27 KA.

e 1951 X.Peron (March 21)

o 1951 L.Spitzer Stellarator B=2T, beta=50% (april)
e 1951 Stalin sign Order for MTR (May 5)

e 1955 first Tokamak TMP

e 1957 ZETA



Far the first time in the world af the

International Conferance [Harwell, UK)

L¥. Kurchatov openly declared on behall of

{he Saviet Government that the Saviet Union
has W's own fusion research program. The

final objective of which is to oblain the

conkralled fusion reaction and fo cresie on
£'s basis an imerhaustible energy source (o

the benefit of the mankind.
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Axznemar Kypueroz 1B
(1902- 1960 |

Keademican | V. Kurchatoy

BOepeuE B MHPE Ka MEN[yHAPOAHCH
wowfepauar  (r. Xapyan,  Anrmwa)
WLE Kypuaroe OTKpesTD OEWABMA OT WSk
Coperckoro MpaswrenscTed 0 ToMm, Ym0
Cometchue Cow3 WMeeT COBCTREHNYN
NPOTPEUNY TEPROSTENHLI HCCHRAOBAHMA,

EOHBYHON LB I'i'CIT[IFlhII SENSETCE

TEPMORGEPHON DEINLMM W COJN3MME K3
ITOH DCHOSE REMCCRAKIBMOMD WETOYHHKE

JHEQIAH KA naro Boen0 YEROBRYECTEA.




Plasma Fusion
Performance

Fusion power amplification: o - Fusion Power 5

Input Power

= Present devices: Q< 1

= “Controlled ignition”: Q 2 30

Predicted parameters in ITER (Q=10):
n(0) ~ 1029 m-3
Ti(0) ~ 25 keV
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» EXxisting experiments have
achieved ntT values
~ 1x10%t m3s-tkeV
~Qpr=1

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

* ITER is designed to a scale
which should yield
Qpr > 10 at a fusion power

of 400 - 500MW for ~400s
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Fusion product, nx,T, [10” m~skeV]
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In reactor, alpha heating power is dominant

- The plasma determines its own profile.
- The major power must be widely distributed on the first wall.

Precant device ELicinn reactar

Q=25 \ ~
Pfusion = 2.5 GW !
( neutron 2 GW )

Q=1
Pfusion = 10 MW

Pext =100

_ neutron 8 MW
Pext =10 MW ( lron 8 v <—T o 500MW 500 MW
@ / ¢ =600 ~
Ptot = 12 MW '

Acceptable
power
~30 MW N\

<1000s/day ~100 MW 24hr/day
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Plasma Heating

Current

Heating by radio-
frequency waves

Injection of neutral
particles
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Joint European Torus (JET)

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

Mayor Tokamak Facilities Plasma edge
effect
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ITER Plasma Scenario - ELMy H-mode

« 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

barrier
* edge localized modes rmaintain plasma in quasi-stationary state
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JET: The Key Facility

Ignition =

=
1

e JET: 16 MW
of fusion
power ~ equal
to heating
power.

e Ready to build
a Giga Watt-
scale 0001
tokamak: , ,
ITER 1 10 100 1000

GITER 2

Breakeven

]

<
C

0.0

Fusion Product P, t¢ (atmosphere secs)

Central lon Temperature T; (million®C)
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JET/JT-60/TFTR — ITER
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Summary

e Basic of Fusion
Fusion History
Confinement

Stability

Tokamaks and Stellerators

TFTR-JT 60 and JET: The state of the art

ITER....

he next lecture!



