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woonrier - suennme | 20th century riddle: energy

\—/ source of the sun

2

Einstein E=mc
1905 Eddington Aston
Gamov

2000-2025

Lightbulb invented
(1879) Bethe
Nucleosynthesis
Neutrons
discovered (1939)

(1932) NP (1967)



Hans Bethe solved the problem
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wnnnn@m\mrm Lab plasma physics

First fusion
Einstein E=mc? bomb

Princeton
1905 Eddington Aston .
Gamov (operation Ivy
I Nov. 1 1952)
2000-2025

Lightbulb invented
1879
Bethe First attempt ~ T-3 gets
Nucleosynthesis to harness better than
Neutrons ’]l;lm;lson fusion in the  Bohm 1968
discovered 1939 ?C tman lab (ZETA)
paten
(1932) 1967 NP 1954

1947



WOODRUFF « SCIENTIFIE  Aurorae on Earth




wnnnnurr»-*s’mmnnc Aurorae on Jupiter

Jupiter Aurora
Hubble Space Telescope ¢ STIS

NASA and J. Clarke (University of Michigan) * STScl-PRC00-38
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NSy Early lab plasmas
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WOODRUFF - SCIENTIFIE - Djpole magnetic field
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Bar magnet Current loop
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s 8y Dipole magnetic field
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WODDRUFF - SCIENTIFIE  Coronal mass ejections

18 Aug 1980: White Light




WOODRUFF - SCIENTIFIE ~ Galactic jets

Core of Galaxy NGC 426l
Hubble Space Telescope

Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

T  nm
380 Arc Seconds 17 Arc Seconds
88,000 LIGHTYEARS 400 LIGHTYEARS




WOODRUFF - SCIENTIFIE ~ (Galactic jets and Alfven

Accelerated
1ons

double : @}\ﬁ

layer
h\Accelerated
electrons L Q

Galaxy acting
as unipolar
inductor

W/
double

layer

Radio astronomic
Galactic circuit, extra polated from heliosphere circuit. observations by

Current 10'7A and double layer voltage 100 v Hargrave and Ryle.
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N plasmas earned him NP
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e 5 Spheromaks - Alfven
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wnnnn@munnn Spheromaks: dipole

o current carried in plasma




VN

S Spheromaks today

(a) Magnet (b)

Flux consarver



woonrier - soenme | SPheromaks are the simplest

\—/ of all fusion concepts

| Ry |
.‘ 4
e — L . ]
- —— -
= ~— —_—
-"‘", - _ﬂ—_, o
~ " g : =
 Jpe" & e . -l - = =

3
' » Ly - T
: J - B 'rJ : = o~ ;‘ \
7 . — — ". " ‘
S 3 5N N |
‘e B s f -‘i #
1 s & ! Y Pl 44
1 < ) - . ) . .
) . - z — '4 . v s A. | '
= . » l/ " : ‘. :
X - \ — ‘ o i;g, j ? L
1+ & _ . B ! - '-
3 4 -~ -'-;, . i o Dl

l
o
1_




Outline

|. Some history and context

ll. Some space plasmas that are relevant to fusion

lll. Golden age of fusion, just starting




=\

W"ﬂlm@'m""ﬂ Fusion golden age: now!

100’s of fusion

First fusion devices built
Einstein E=mc? bomb
1905 Eddington Aston . Today: Golden
Gamov (operation Ivy Age of Fusion
Nov. 1 1952)

AN

2000-2025

Lightbulb invented
1879
Bethe First attempt ~ T-3 gets
Nucleosynthesis to harness better than
Neutrons glonlzson fusion in the  Bohm 1968
discovered 1939 ?C tman lab (ZETA)
paten
(1932) 1967 NP 1954

1947



/T~ Fusion fuel burns at 100Me°C -
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\—/ suspended in magnetic fields
Iron Transformer Core
Transformer
Winding /
(Primar B
u'u.un)y 3 Toroidal Field Coils
/ | i
f , Poloidal
| / Magnetic
' " Field
; )
\\\Jj B ifl 4
.
Plasma Current P \-J Resultant  Toroidal
(Secondary circuit) ‘ ::e:idcal Magnetic Field
ie

(Twist exaggerated)

6/18/10 WSI 5



oo Heat will be extracted to

\—/ drive a steam turbine

Superconducting Magnet

Deuterium Fuel

Blanket

Shielding

: .
Structure == Tritium

Heat

Exchanger Tritium and

Helium

Helium

lectric Power
6/18/10
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/\ Worldwide many fusion devices
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\>—/ contribute understanding
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WOODRUFF « SCIENTIFIC Fusion progress - faster

\—/ than Moore’s law

Progress in controlled fusion compared with other fields
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1000 - ITER target of T‘=18 keV, ntau=3.410°°
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N more power out than in soon
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/\ US government also backs
WOODRUFF - SCIENTIFIC

\—/ alternative systems

Stellarators = Magnetized target fusion
| A = ¥

Compact Fusion Concepts
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wnnnn@mmmn Many companies think

\—/ “Smaller is better!”

General Fusion ($20M) Lawrenceville ($1.2M)

FE Bam K U

EM2 ($9M)

6/18/10 13



oy .
woooruer - saevripe QU System combines compact

g fusion with a large diesel

Spheromak SSPX (1999-2009)
R=0.3m, a=0.15m, B=1T, I =1IMA

Thomson Scattering measurement
of temperature ~).SkeV.

6/18/10 WSI 14



mnnn@m"m We have patented the concept.

\—/ Building a scale version (DOE)
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WOODRUFF « SCIENTIFIC We also build systems

N/ to spec
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WOODRUFF + SCIENTIIE ~ Sum mary

Critical discoveries for fusion have only been made in the
last century.

MANY 100’s of devices built in the lab have drawn
inspiration from astro and space plasmas --> fundamental
physics understood.

Technology development program now in race for goal of
economic fusion energy.

(...we are also due another NP for fusion science!)



