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1920 The British Association

Arthur Stanley Eddington -- delivered the presidential address.

One of the many questions he addressed is:

Where does the energy radiated by
the stars/sun come from?

F. W. Aston had measured the masses of

elements and shown:
Mhydrogen= 1.008 and Mhelium= 4.0

“F. W. Aston's experiments seem to leave no room for doubt that all
the elements (nuclei) are constituted out of hydrogen atoms bound

together with negative electrons”.
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Simple Maths and E = mc¢?

Eddington assumed that the sun puts four hydrogens together to make helium.:

He

->
o 9

Capture 2 electrons

+ + H H

H H +
Mass difference is energy by Einstein’s relation E= mc2.

Hydrogen mass 1.00794 (atomic units) Mass of helium 4.0026

Thus approximately: 1.008 kilograms of hydrogen=> 1 kilogram of Helium
8 grams =» 7.5 x 104) of Energy.

That will supply you with all your energy needs for about 10,000 years.
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Binding energy of nucleus



Where does the fusion energy come from?



Building a Nucleus
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Binding energy per nucleon of a nucleus with

Npprotons and Nn neutrons.

AFE =

[Nymy, + Nymy, — M|c?

Np+Nn

m, = mass of proton

my, = mass of neutron

M = mass of nucleus
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Pcuterium # " Helium (o.5MeV)

Neutron (14.1

Tritium

+48MeV

Blanket at ~ 600 degrees

Lithium 6

Enough lithium in sea to supply 30 million years of world energy ne
Tritium



Reaction Rate
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Simple calculation yields i
The power generated in %
Each cubic meter. g 0.4 1
Approximately ©
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Fusion Power Density —

7DFusz'on — 008P2 (MWTTL_B)C(T)

%
~ Plasma prei s!ure in atmospheres. For a 50-50 DT mix.



Plasma

We need temperatures of ~200,000,000° C!
at these temperatures Deuterium D and
Tritium T are ionized — a PLASMA
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Pressure

Ideal Gas Law roughly holds for plasmas

PV = NmolesRT — Nparticlesk'T

% P — nk'T Boltzmann’s constant

Den5|!y of particles

What is the pressure of a plasma at 200,000,000° C?

Pressure of plasma Pplasma __ Nplasma Tplasma
In atmospheres o ,
P Pair Tazr

Nair

Tipl
plasma 106

Nair



Vessels can only hold a few tens or hundreds of
Atmospheres.

Therefore we can either do fusion in a very low
density plasma or in an exploding plasma.



Magnetic fusion — making a bottle
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Motion of charged particles in a
magnetic field

= rpz Larmor Radius
/ \x
\

P 2 2004 Py rson Edasation, e pobiah ] as Addaon Wesley:

See Will Fox s lecture tomorrow at 13:30






Magnetic Pressure

Magnetic Field has to push on the particles Fiotar = Z ¢;v x B

~ 27RI x B
Ampere’s law for a current carrying wire B ~ pol
27
A =27mr2n R = area toroidal sur face AB

— F; total ™
inner poloidal W

torical ‘ magnetic field coils €oil current outer poloidal
magnetic field coils magnetic field coils

Magnetic pressure
B2
P=—
2y

Prragnetic(atmospheres) ~ 4B?*(Tesla)
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magnetic field coils

Plasma Pressure
force
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Ampere’s law
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Magnetic pressure Magnetic Curvature
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Simple considerations — things we all know

For plasma at 10-20Kev temperatures (100-200M2C) D-T fusion power density is
approximated by:

PFusiOn — 008‘P2 (MWm_S)

Plasma pressure in atmospheres

Magnetic pressure:

Limited by stability: Pruagnetic

PFusion =1 285234

Figure of merit 8= P
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Central Pressure = 7 Atmospheres
. Magnetic field = 5.2T




What will ITER do?
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Fusion Energy Balance in ITER

Turbulent Plasma Energy Loss
0.15P

TE
Confi!ent Time in seconds

External Plasma heating
PHeat ~50M W

Ploss = (MWm™?)

»
Fusion
+ P"(‘ﬂf - pl(nm ~ 0.15
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Energy Gain=Q > 10



Simulation by Bob Budny: Based on JET results from 2008-2013
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Assessment of materials lifetime: an integrated approach See Lauren Garrison’s talk

Tuesday next week
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M.R. Gilbert et al., Nucl. Fusion 52 (2012) 083019;
J. Nucl. Mater. 442 (2013) S755

Transmutation cross-section

data are required to predict
helium-induced grain

boundary embrittlement Defect production,

giving rise to
radiation

embrittlement

A. Sand et al. EPL 103 (2013) 46003



So you thought you had Tungsten on the Wall

Thanks to M.R. Gilbert

Refractory metals



Neutrons to Electricity — Balance of Plant

send electricity

turbo-generator
Fuel (tritium)  glanket design — see Chuck Kessel’s talk 4pm next monday



End of Part 1.
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