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Building a Nucleus
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Binding energy per nucleon of a nucleus with
N, protons and N, neutrons.
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N, + Ny, my, = mass of neutron
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M = mass of nucleus
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Nucleon number A

Number of protons plus neutrons
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Deuterium # " Helium (3.5MeV)

T 25
Neutron (14.1MeV)
Tritium
Blanket at ~ 600 degrees C
Enough lithium in seawater T

to supply 30 million years of
world energy needs

Tritium



Reaction Rate
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Temperature (keV)

100 million degrees C

Prusion = 0.08P (MWm™?)

Plasma pressure in atmospheres



Magnetic Confinement?



Motion of Particle in a Magnetic Field

Force on Particle in a Magnetic Field

X X X x mox F:quB

Makes a circle around field line.
Motion along field unimpeded.
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Motion of charged particles in a -
magnetic field
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Magnetic fusion — making a bottle
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First sustained
burning plasma

Starts in 2025

BASIC PARAMETERS:

Fusion Power 500MW
Burn Flat Top > 400 seconds

Power Amplification Q>10

Cost is > 12 Billion Euro







Fusion energy balance in ITER

‘Baseline Performance’
Power in alphas captured by
Plasma 7, ~ 100MW.

Power in neutrons escaping
Plasma 72, ~ 400MW.
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Fusion Energy Balance in ITER

Turbulent Plasma Energy Loss
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ITER computer modelling

Simulation by Bob Budny:
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Will ITER Burn?



DIII-D Shot 121717

GYRO Simulation
Cray XIE, 256 MSPs



Energy Confinement -- Random walk of heat/particles.

L = typical machine size
A= radial eddy size oc lon larmor
radius p; = random step.

N = number of steps to
random walk out of plasma

LN\/N,Oi

For ITER N ~ 10°.



Energy Confinement -- Random walk of heat/particles.

Eddy turnover time =

L
Teddy = (—)
Uthi
L3
TE ™ NTeddy ~ T
P Uthi
x [3B2%73/2

Dramatic scaling with size!
Scaling approximately agrees with
data BUT geometry dependant.



Simple considerations — things we all know

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

Prusion = 0.08P% (MWm™?)
/

Plasma pressure in atmospheres

Magnetic pressure = Pyjagneiic ~ 4 B? (atmospheres)

Figure of merit B = P/Ppagnetic Magnetic Field in Tesla

PFusion =1 286234



Simple considerations

The energy confinement time TE is defined by:

stored enerqgy

Power lost by transport from plasma =
TE

Equating the heating from fusion alphas to the transport/turbulent power lost
LAWSON CRITERION.

P= Central Plasma pressure (atmospheres)
PTE 2 20 Te in seconds

or

ﬁBZTE Z 3) Magnetic Field in Tesla

HOW DO WE FIND AND EXPRESSION FOR T F;



Supercomputing and experiments predict GYRO-BOHM LIKE SCALING
3.2 P2 3
T~ H*“B°R

Or in engineering parameters ignition requires
PHYSICS ENGINEERING

H*?B*R® > 14000 = B o R/

For ITER like tokamaks. R is major radius in metres SELF SIMILAR SCALING
B is central magnetic field in tesla

6/10/19



Smaller Faster Cheaper?

Physics and Engineering Innovation



Sheffield, Freidberg, Meade etc. Empirical fit to the machines/experiments that have been built

$ X R2(1 -+ ClB -+ CQBQ)
‘N

constants

This formula results from the cost of engineering not

the cost of stuff (steel, tungsten, niobium etc.).
SIMPLICITY MATTERS

6/10/19



Getting to Commercial Fusion — innovation

Nucl. Fusion 56 (2016) 106023

J.E. Menard et al

K\II SC PF coils outside TF
Upper SC PF caoils located
in a separate cryostat

Device configuration
designed for vertical
maintenance

10 continous HTS TF
magnets (no joints)
Small HTS solenoid

Double-wall vessel +
tungsten carbide shield +
inboard blanket

Outboard blanket + shield |
+ divertor sized for vertical
maintenance scheme

Coolant supply at bottom

MIT group
Sorbom et. al.




NSTX-U is a platform for discovery

* ‘Spherical Tokamak’: Does it
confine the plasma better?

« Can we control it at high pressure (B)?

e Can we exhaust he heat from this high power
density plasma?

Impact:
* Long-lever validation of theoretical models

e Evaluate Spherical Tokamak as a compact,
less-expensive fusion system



Stellarator — a modern approach
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Stellarator — Simplicity — Permanent Magnets

Mike Zarnstorff, David Gates, SC
Simon’s Foundation: Hidden
Symmetries Collaboration

Neodymium Magnets to
make the shaping.

Flexible configuration precise
Fields.

Low B

Use NCSX pieces?

Low cost

Demountable




Innovation — permanent magnet stellarator
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First Electricity Mid-Century

CFETR Chinese Demonstration reactor Korean Demonstration Reactor
design






