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Fusion is an O
utstanding Physics Challenge and is

Connected to other O
utstanding Challenges

Ten O
utstanding Physics Challenges

•Q
uantum

 gravity presents the ultim
ate

challenge to theorists

•Explaining high-T
c  superconductors

•Unstable nuclei reveal the need for a
com

plete theory of the nucleus

•Realizing the potential of fusion energy

•Clim
ate prediction is heavy w

eather

•Turbulence nears a final answ
er

•G
lass physics: still not transparent

•Solar m
agnetic field poses problem

s

•Com
plexity, catastrophe and physics

•Consciousness: the physicists view



Fusion

•The Energy Source of the Future

•Always has been…

•Always will be!



Plasm
as are very com

m
on!

•
Natural Plasm

as
 

Flam
es

 
Lightning

 
Aurora, ionosphere

 
Stars

•
Created Plasm

as

 
Fluorescent lights, neon signs

 
Arc w

elding, arc furnaces
 

Pow
er sw

itches
 

Sem
iconductor chip m

anufacture



W
hy are w

e interested in plasm
as?

•
Fusion Energy
–

Potential source of safe, abundant energy.
•

Astrophysics
–

Understanding plasm
as helps us understand stars

and stellar evolution.
•

Upper atm
ospheric dynam

ics
–

The upper atm
osphere is a plasm

a.
•

Plasm
a Applications

–
Plasm

as can be used to build com
puter chips and

to clean up toxic w
aste.



P
lasm

as support w
aves

P
lasm

a  shields the earth

P
lasm

a  confines hot ions
P

lasm
a perm

eates
the universe





How
 W

ould it W
ork ?

•  Nuclear fusion of deuterium
-tritium

•  Requirem
ents for ignition of DT fuel

•  M
ethods for hot plasm

a confinem
ent

•  Conceptual design of a fusion reactor





Fusion Fuel is Readily Available

•  Deuterium
 isotope ≈ 1/ 7000 of hydrogen atom

s in all water
and can be extracted at a negligible cost (≈ $1/gr)

•  Deuterium
 in 1 gallon of water has the sam

e energy as 300 
gallons of gasoline, if burned in a fusion D-T reactor

•  Tritium
 can be created from

 D-T neutrons in a Li “blanket”
Li 6 + n -> T + He

4 + 4.8 M
eV (7%

 natural Li)
Li 7 + n -> T + He 4 + n - 2.5 M

eV (93%
 natural Li)

•  For a 1000 M
W

 Fusion Reactor buring D-T fuel for 1 year:
Input:  400 lbs Deuterium

 + 600 lbs Tritium
 (1300 lbs. Li)

O
utput:  900 lbs of helium

 + activated structure





W
hat Conditions are Needed for D-T

Fusion?

•
Tw

o im
portant properties of a fusion-grade

plasm
a

–
density (n)

•
the num

ber of plasm
a particles in a specific volum

e
–

confinem
ent tim

e (t)
•

how
 long the plasm

a can contain its heat

•
To achieve fusion energy gain, the product
–

(n x t ) m
ust exceed a threshold

•“Ignition” m
eans plasm

a self-heating by D-T alpha particles
•alpha heating rate  =  plasm

a energy loss rate





M
ethods of Hot Plasm

a Confinem
ent

G
ravitational 

Confinem
ent

M
agnetic

Confinem
ent

Inertial 
Confinem

ent

Fusion plasm
a ions m

ove at ≈10
6 m

/sec so need 
to be confined to sustain a fusion burn





M
agnetic Trapping of Solar Plasm

a
TRACE Solar Im

ager satellite



M
agnetic Confinem

ent of Plasm
a

Ion gyroradius ≈1 cm
 at T

i = 20 keV
for typical m

agnetic field of B = 20 kG

START 
Plasm

a 
ca. 2000



The Tokam
ak

Tokam
ak = toroidal m

agnetic cham
ber (Russian acronym

)



How
 can w

e heat plasm
as to fusion

tem
peratures?

•
Electrical Resistance Heating
–

like a toaster oven
–

As the plasm
a heats up, it becom

es a better conductor
(resistance decreases)

•
Neutral Injection Heating
–

Energetic neutral atom
s can cross the m

agnetic field and
enter the plasm

a
–

In the plasm
a, the neutrals transfer their energy via

collisions
–

Use particle accelerators to produce energetic atom
s

•
Radio W

ave Heating
–

Inject w
aves w

hich can be absorbed by the plasm
a

(analogous to m
icrow

ave cooking)









How
 can w

e m
easure w

hat is happening in
the plasm

a?

•
M

agnetic Field Structure
–

use coils outside the plasm
a

•
Escaping Radiation and Particles
–

Identify im
purities and radiated pow

er losses
–

M
easure tem

peratures of ions and electrons
–

M
easure fusion reactions from

 neutrons
•

Probe Beam
s of Electrom

agnetic W
aves

–
m

easure density and tem
perature

–
m

easure fluctuations and turbulence w
hich

spoil confinem
ent



Conceptual Design of a Fusion Reactor

Fusion neutrons supply heat
to generate electricity

Possible Fusion
Reactor “Cores”



W
h

at H
ave W

e D
o

n
e ?

•  O
verview - 50 years of fusion research

•  Recent results in m
agnetic fusion in:

-  plasm
a confinem

ent
-  plasm

a pressure lim
its

-  steady state plasm
as

-  plasm
a-wall interaction



Fifty Years of Fusion Research

JET Tokam
ak ca. 2000:

n ≈ 10
14 cm

-3
T ≈ 20 keV
t

E ≈ 1 sec
nTt

E   ≈ x 5 from
 ignition

M
odel A Stellarator ca. 1953 

(with Lym
an Spitzer)

n ≈ 10
13 cm

-3 (?)
T ≈ 10 eV (?)

t
E ≈ 10 µsec (?)



M
easurem

ents of nT
tE in Tokam

aks



Progress in Fusion Energy
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Plasm
a Confinem

ent Scaling is Know
n

Em
pirical t

E  scaling



Confinem
ent and Plasm

a Turbulence

Turbulence Sim
ulation

of ITG
 m

ode in Core
Turbulence m

easurem
ent

 (not necessarily ITG
 m

ode) 





Plasm
a Pressure Lim

ited by B Field
b≡ 2nT/B

2 m
easures efficiency of m

agnetic confinem
ent

NSTX has reached b
T =20%

 
b lim

its ≈ agree with theory

Theory



M
agnetic Instabilities at Pressure Lim

it

Park, Strauss, Klasky

Before instability

During instability



Tokam
aks Need a Current Drive

•  Toroidal current up to 3 M
A has been driven by:

-  dam
ping of EM

 waves (M
W

-level RF / m
icrowaves)

-  m
om

entum
 of injected particle beam

s (≤ 0.5 M
eV)

-  density gradient driven “bootstrap” current effect

RF Antenna in NSTX



Stellarators Don’t Need Current Drive

Superconducting helical coils can create “steady-
state” m

agnetic confinem
ent without toroidal current  

LHD
(Japan)



Plasm
a Loss can Vaporize the W

all

   Reactor plasm
a loss rate ≈ 600 M

W
, but the plasm

a
        itself can only tolerate ≈ .01 gr of wall m

aterial

Carbon com
posite wall

Inside
NSTX



W
here are w

e G
oing ?

•  Fusion Energy G
oal and Strategy

•  ITER and the Tokam
ak Fusion Reactor

•  NIF and the Inertial Fusion Reactor

•  Potential Im
provem

ents



Progress in Fusion Energy
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R
eality: F

usion E
nergy has O

utpaced C
om

puters!
T

he challenge is to m
ake it practical

M
oore’s 

Law



International Tokam
ak Experim

ental Reactor
(ITER)

Design G
oals:

  •  Q
 ≈ 10 (--> ignition)

  •  0.5 G
W

 fusion power
  •  500 sec long pulse
  •  no electricity outputTokam

ak Reactor G
oals:

  •  Q
 ≥ 20 

  •  ≥ 3 G
W

 fusion power
  •  steady-state pulse
  •  5¢ / kW

-hr electricity



NIF and Inertial Fusion Energy
 

NIF Design G
oals:

  •  Q
 ≥ 1  using laser

  •  ≥ 2 M
J fusion / pulse

  •  ≈ 1 nsec pulse length
  •  “stockpile stewardship”

IFE Reactor G
oals:

  •  Q
 ≈ 100 using G

eV ions
  •  ≈ 600 M

J fusion / pulse
  •  ≈ 5 pulses / sec
  •  5¢ / kW

-hr electricity



Fusion Reactor Engineering
•  

M
ay need to replace first wall m

odules periodically 
-  plasm

a erosion + neutron dam
age (≤ 30 dpa/yr)

• 
Need to breed and recycle tritium

 fuel on-site
-  need ≥ 1 T / neutron and recycle ≈ 1 kG

 tritium

•
Reactor m

ust be reliable, m
aintainable, and available 

-  and safely handle off-norm
al events and disposal



Innovative Confinem
ent Concepts

Levitated Dipole Experim
ent

Colum
bia University/M

assachusetts
Institute of Technology

LDX

HSX

CAT

Sustained Spherom
ak Plasm

a Experim
ent

Lawrence Liverm
ore National Laboratory

SSPX Com
pact Auburn Torsatron

Auburn University, Auburn Alabam
a

HIT-II
Helicity Injected Torus-II Experim

ent
University of W

ashington, Seattle

Helically Sym
m

etric Experim
ent

University of W
isconsin, M

adison



Com
pact Stellarator Design (NCSX) 

Aim
s to com

bine best features of tokam
ak and stellarator

    •  needs no external current drive (like stellarator)
    •  large plasm

a for a given m
ajor radius (like tokam

ak)

R = 1.5 m
a =  0.5 m
B = 1.0 T
P = 6 M

W
b ≈ 4%

 (?)



Fusion Ignition Research Experim
ent (FIRE)

designed to explore
dom

inant fusion alpha heating regim
e

             Design G
oals

•R = 2.0 m
,    a = 0.525 m

•10 T for ≈ 20s burn tim
e

•Ip = 6.5 M
A

• tE  ~ 0.55s
•P

alpha ~ 40 M
W

  > P
aux ~ 20 M

W
 (RF)

•P
fusion  ~ 200 M

W
• Prelim

inary cost estim
ate

       Tokam
ak        

= $323 M
        Aux, PS, Bldg  

= $870 M
FIRE 2000

Attain, explore, understand and optim
ize alpha-dom

inated plasm
a to provide

scientific basis for design of attractive M
FE system

s



Potential Areas for “Breakthrough” 

Com
putational capability to find an optim

ized configuration
for plasm

a confinem
ent without costly experim

ents

Technological innovations such as room
 tem

perature
superconductors or radiation resistant m

aterials

Physics surprises such as increased fusion cross section 
or a way to convert neutrons directly to electricity



Conclusions
•  Plasm

a science is m
aking good progress

   m
ain difficulty is the physics of plasm

a instabilities
   which lim

it plasm
a confinem

ent and pressure

•  W
e have initial fusion reactor designs
   based on M

FE and IFE, but they so far seem
 to 

   be too expensive and com
plicated to be practical

•   But future energy options are lim
ited

  im
portant to determ

ine whether fusion reactors
   can be m

ade into an attractive energy source



U
sing P

lasm
a to Teach P

hysics:
U

sing P
lasm

a to Teach P
hysics:

                               A
n Integrated A

pproach
                               A

n Integrated A
pproach

•C
onservation of

M
om

entum

•E
lectrom

agnetic
w

aves

•O
ptics

•E
lectrical C

ircuits

•C
onservation of E

nergy

Illustrations from
W

ilson, B
uffa,

C
ollege Physics,

Prentice H
all

•A
tom

ic and Q
uantum

 Physics

•E
lectrom

agnetism

•D
ynam

ics

P
lasm

a
P

lasm
a
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