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Irving Langmuir (1881-1957); Nobel ‘32

The term "plasma’ for an
lonized gas was coined in
1927 by Irving Langmuir,
because how an electrified
fluid carried ions and

el ectrons reminded him of
how blood plasma carried red
and white corpuscles.







Red shows emission from singly-ionized sulfur atoms.
Green shows emission from hydrogen.
Blue shows light emitted by doubly- ionized oxygen atoms.




Magnetic Reconnection
produces high energy electrons
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PTEFE before plasmatreatment
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Effects in a plasma:
- cracking polymer chains
- structuring surface
- producing an intermed ate layer
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PTEE after plasma treatment
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Plasma Thrusters used on Satellites

Plasma thrusters have much higher
exhaust velocity than chemical
rockets: reduces amount of
propellant that must be carried.
Can be powered by solar panels,
fission, or fusion.

Hall Thruster developed at PPPL
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Alpha
Particle

Neutron
n 14 MeV

3.5 MeV ENERGY MULTIPLICATION
About 450:1




5-D Gyrokinetic Simulation of Tokamak Plasma
Turbulence with Candy & Waltz GY RO Code
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Another example of
complex plasma
behavior.

Movie of density fluctuations from GYRO simulation . . : .
hitp-/fusion.qat com/THEORY /images/0/0f/N320600.8.mpg 500 radii x 32 complex toroidal modes (96 binormal grid
points) x 10 parallel points along half-orbits x 8 energies

from http://fusion.gat.com/theory/Gyromovies
Waltz, Austin, Burrell, Candy, PoP 2006 X 16 v||/v, 12 hours on ORNL Cray X1E with 256 M SPs




Plasma Confinement
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“Uncontrolled” Release of Fusion Energy Works: Operation Castle

Castle Bravo
February 28, 1954
15 Megatons

Castle Romeo
March 27, 1954
11 Megatons (500 x Nagasaki)



Hydrogen Bomb Teller-Ulam “Design”

July 2, 1945

L etter to Leo Szilard (Published in Memoirs, p. 207)

“Our only hopeisin getting the facts before the people.

This might help convince everybody that the next war will be fatal.
... Thisresponsibility must in the end be shifted to the people as
awhole and that can be done only by making the facts known.”

Radiatlon case
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Reentry body

Teller: Gamma and X-ray radiation
produced in the primary could
transfer enough energy into the
secondary to create a successful
Implosion and fusion burn

Ivy Mike: First TN Device
Test: 10MT 10/31/52



|nertial Confinement Fusion

Conventional ICF
Laser energy =
[}
Inward transported _,
thermal energy
Thermonuclear bum =) Ignition Burn
During the final Themonuciear bum
Blowoll = part of the Implosion,  spreads rapidiy through

the fuel core reaches the compressed fuel,
20 times the density ylelding many times

of lead and ignites the driver input energy.
at 100,000,000°C.

Fast-Ignitor ICF
Atmosphere Compression
formation ‘
Laser or particle Fuel is comprassed T
beams rapidly by rocket-like blowoff
heat the sufaca  of the surface material.
of the fusion
fargat, forming Ignition Burn
a surrounding At the moment of Themonuciear
plasma envelope maximum compression  bum spreads rapidly

a short (1 to 10 pico- through the compressed

, : seconds), high-intensity  fuel, yielding many times
Figure 6. Contrast of conventional (1020 watt/centimeter?)  the ;

inertial confinement fusion {ICF) Ise ignites the capsule
and the fast-ignitor ICF, which is i

used on the Petawatt [aser.
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Laser beams Ignition
Point Design

in 2 rings
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Ablator
(Be/Cu or Ge/CH)
— DTI
5.1 mm —> ce
DT gas fill
Capsule
Be/Cu
( | Hohlraum wall:
CH/Ge) —E ) N~ or U-Au mixture

The point design fully specifies the laser-
Hohlraum fill target system

— Low pressure - Pulse shape, energy
He/H + Spot size, uniformity

+ DT ice layer roughness

+ Capsule dimensions and

Laser entrance hole surface roughness
(LEH) with window * Hohlraum dimensions, materials, and

efficiency
- Target thermal and position stability
+ Diagnostics
dESSSSss s e e e e s s e s e e e e s sy,

NIF-0706-12366r2
11GB/cld
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Frequency tripled Nd glass
Energy 1.8 MJ
Power

Wavelength

17EIM/cls * NIF-2009-Aerial PERFORMANCE-s1 L8
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Scientists have long dreamed of harnessing nuclear fusion—the power  plant of the stars—for a safe, clean and virtually unlimited enLrgy

supply. Even as a historic milestone nears, skeptics question whether a_vyor.king reactor will ever be possible ® BY MICHAEL MOYER
b ¥/ \¥3 e ; i ‘
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BOOM ROOM: Inside the National Ignition
Fadlity’s target chamber, 192 lases
beams will converge on a target of
ydrogen-based fuel. The ng
blast should emit more energy than the
lasers put In, 2 first for fusion reszarch.




HOME / NUCLEAR POWER : THE FUTURE OF FUSION AND FISSION.

THE BIG QUESTION%ROUGHT ———

THE FUTURE OF SCIENCE

Fusion Energy’s Dreamers,
naare............ Hucksters, and Loons

Bottling up the power of the sun will always be 20 years away.
By Charles Seife | Posted Thursday, Jan. 3, 2013, at 5:00 AMET
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US fusion in budget vice

Domestic facilities struggle for survival as funding is directed to international reactor.

Eric Hand

24 July 2012

For years, US researchers have been steadfast in
their support of ITER, the world's largest fusion-
energy experiment, which is under construction
near Cadarache, France. But with funding

The Cryostat forms the vacuum-tight container surrounding the ITER vacuum
vessel and the superconducting magnets, essentially acting as a very large
refrigerator. It will be made of stainless steel with thicknesses ranging from 50
mm to 250 mm. The structure is designed for 8,500 m3. Its overall dimensions
will be 29.4 meters in diameter and 29 meters in height. The heavy weight will
bring more than 3,800 tons onto the scale, making it the largest vacuum vessel
ever built out of stainless steel.

lllustration © 2012 ITER Organization.

commitments to ITER now putting the squeeze on
three existing facilities in the United States,
enthusiasm for the international project is
becoming as difficult to sustain as a fusion
reaction.

“| think we should ask whether this is the right The Alcator-C-Mod fusion experiment is facing

path,” Earl Marmar, head of the Alcator C-Mod oot Just a few weeks ago, a bunch of fusion scientists used South Korean
M. GARRETT

fusion experiment run by the Massachusetts money to begin designing a machine that nobody really thinks will be

e built and that probably wouldn't work if it were. This makes the machine
only slightly more ludicrous than the one in France that may or may not
eventually get built and, if and when it's finally finished, certainly won't
do what it was initially meant to do. If you've guessed that the story of
fusion energy can get a bit bizarre, you'd be right.

For one thing, the history of fusion energy is filled with crazies,



Fusion is expensive (2-3 COE)

Alternative Energy Sources: Extranalities Argument
Oil
Not Renewable.

Cost of Climate Change.

Cost of Persian Gulf wars every decade or so.



Alternative Energy Sources: Extranalities Argument

Fission

Nuclear power plants provide about 5.7% of the world’s
energy and 13% of the world's electricity. In 2007, there
were 439 nuclear power reactor, operating in 31 countries.

Nuclear power plant accidents include Chernobyl (1986),
Fukushima Daiichi (2011), and Three Mile Idland (1979).

Current estimates of a major accident are about 10°

A better estimate of a $10° accident might beabout 102 (450/3),
adding about $107 to the reactor cost.



Progress in Magnetic Fusion Energy (MFE)

Plasma conditions have been produced near the
regime for energy production

The world has joined together to produce a burning
plasma (ITER)

Countries are starting design of the steps after ITER,
preparing for fusion power production



Weapons test

Magnetic fusion

Temperature
("C)

High

explosive I
Jupiter's core

104 { Earth's core

103 l l l | L l l l |
107" 10-* 10° 10 102 10° 102 10* 105 108
Density (g/cm?3)




Plasma--4th State of Matter

S

solid

H eat

>

More Heat




States of Matter

1. Just an approximation, not a material property.

2. Depends on time scales, space scales, and physics of interest




Properties of Plasma

1. Conducting medium, with many degrees of freedom
2. Shields electric fields
3. Supports many waves:

1.
2.
3.

vacuum waves, such as light waves

Gas waves, such as sound waves

A huge variety of new waves, based on

el ectromagnetic coupling of constituent charged
particles, and based on avariety of driving electric
and magnetic fields



M odels of Plasma

Quasi-neutral
plasma

lon neutralizing
background




Fluid M odel of Plasma

lon neutralizing
background




Fluid Equations

S(F,t)=nv s N S(r,1)

§N=f§nA
dt v Continuity Equation

in +V-nv=0
ot



Set up plasma oscillation




Cold Fluid Equations

VeE = 47779(”0 - ne) Poisson’ s equation
0 .

— ne +V- nev =0 Particle conservation
ot

0 _

E NV + V- nen1\7\7 = eneE Momentum conservation



Plasma Oscillations (1)

VeE =4me(n,-n,) Poisson’ s equation

N +V-niv=0
Ene+ nyv= Particle conservation

L NV + V- nmw = en E Momentum conservation
ot

Linearize N, =Ny, +N(,t) AssUme N, =n,

:> V-(EO+I§)=V°I§=—4neﬁ Linearized
Poisson’ s equation



Plasma Oscillations (2)

Particle conservation

e+ r0)=-V-[[n #iiv +v)]
_ _/V«/ﬁ/ﬁﬁ RENE

—) @=—nOV-\7

Linearized Particle Conservation Equation



Plasma Oscillations (3)

i NNV + V- NN = eneE Momentum conservation

ot

m%(no+ﬁ)(vo+v)+V-Wm9\7=enOE

=)

oV
M —
Jt

~

= ek

Linearized momentum equation



Derivation of Cold Plasma Oscillations
N =
Jf . MV _

—— =-n.V-V ek
ax o o
or
J°f IV e ~
—2=—nOV‘E =—nOV'EE

Plasma frequency W, =



Plasma Oscillations

VeE=4re(n,-n,)=-47e  Poisson’ s equation

ine+V-nev=O

it Particle conservation
i nmv+V-nmw=enE Momentum conservation
ot

9% .

2
—> o’ P

n=A(r)cosw t+ B(r)sinm,t




Set up plasma oscillation

Other possibilities:

O(x t) = A(x)codw, (t - x/c)]

—+

I o



Electron acceleration in a plasma wave

phase velocity -- arbitrary

Accelerateto TeV
Tajimaand Dawson (1979)

Ve Yal aVaN

from V.Maka



Not-resonant surfers V=V,




Accelerating Gradient in Plasma

Conventional Accelerator
Gradients ~ 20 MeV/m at 3GHz

1 TeV Collider requires 50 km

Peak gradients limited by breakdown

Plasma Accelerator

High fields, No breakdown
(Tagjima and Dawson, 1979)

Example

j> n,=10%cm3

eE=100 GeV/m

V

OSC

C

1
Note: Forv<<c, ~ n_
0

v —_
V= w/k
Ve E = -47efi
Nyax = N
s

eE,, ~+/N,GeV /cm

Particles accelerated to relativistic
energies, even as plasmamotion is not



Heating a Tokamak with Waves

VR LA TS WP
s~ s Electron

,/Path of Gyrating Particle
Electric
Current Major >

| Radius Poloidal
Minor Magnetic
ROM Field

Toroidal Magnetic

Field




Tore Supra
new LH coupler (2001)

Antenna fully designed for
long pulse operation:

4 MW, 1000 s, 3.7 GHz
(tested up to 3 MW, 9.5 s)

Limited power density
(25 MW/m? at full power and n,, = 2)

Actively cooled side limiter
(exhaust capability:10 MW/m?)

1.7=n,,s2.3
Directivity: 70% (n,, = 2.0)

48 active / 9 passive waveguides



Plasma Shielding

Quasi-neutral
plasma
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Plasma Shielding

VegE =pr+p, pr =Qo(r)
E=-Vo.

p=nZe-ng n =n, = const.
Inequilibrium: N, =N, e Gibbs

L inearize ne=n0+n, (I):(I)O+(I)=(I)
—£,V°D = eno(l— e kT) +Qo(r)
e 1+ ed /KT +...

1 Q n,e’

V2D + =D = =§(F), Al = For T=10 keV
Ao £o KTe, n=10%“cm-3
o= i 2 =10"m

Ae,r



|deal Plasma

For ideal plasma: nAY >>1

> Anip >> Ap >> n"°>>Db

PP J‘[bz/Q-






