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If Fusion Energy Powers the Sun,

can we make it work on earth?



Preamble

The focus of this talk will be on an international 
enterprise to build an experimental device that 
demonstrates the scientific and technological 
feasibility of fusion energy for peaceful purposes.

Seven governments, responsible for the well-being 
of over half the world’s population, have partnered 
in this enterprise.

The device, ITER, is currently under construction 
in southern France.
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Roadmap for this Talk

To be discussed are two ventures that must succeed for 
ITER to become a reality and achieve its goals: 

 Technical – designing, building, and operating an 
experimental facility that produces the energy of the Sun 
in a laboratory on the Earth

 Social – cooperating and sharing within the primacy of 
each Member’s domestic laws, political realities, and 
cultural norms
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Technical Venture

The heat generation for bulk, commercial purposes (e.g., 
generation of electricity) is now accomplished through
 Chemical reactions (burning coal, gas, and oil)
 Nuclear reactions (splitting uranium, i.e., fission)

A portfolio of other technologies are sun and earth-driven
 Wind, hydropower, and geothermal
 Photovoltaic and solar boilers
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Predominately, it is all about generation of 
heat via controlled thermonuclear fusion.



What is the fusion value 
proposition?

 in a controlled way 
 on the earth’s surface
 to maintain our civilization
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The aspiration is to generate heat through 
fusion of light nuclei (isotopes of hydrogen) 
just like our sun 

The sustained operation of this earth-bound sun is 
“hot” fusion



The easiest fusion 
reaction uses 
hydrogen isotopes: 
deuterium (D) & 
tritium (T)

– D is plentiful in sea 
water

– T can be 
generated from 
lithium (plentiful)

– He byproduct is 
harmless (even 
useful)

The First Fusion Fuels will be 
Deuterium and Tritium

But . . . 



Like-Charged Particles Repel 
Each Other!

An investment is required to get 
the nuclei close enough for 
fusion to take place

This is accomplished via a high-
speed collision between a D 
and a T nucleus (600 miles/s)

With success, one D-T 
fusion/sec yields ~10-12 W

There is no Free Lunch!
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The key for useful energy:
• in bulk
• at high temperature



So what is needed?
Here is the marker.

For breakeven fusion conditions using D-T:

• Fast enough is moving 600 miles/sec (~ 109 cm/sec; 
i.e., each fuel nuclei has (½ mv2) energy of 10 keV)

• Enough fuel confined long enough can be expressed 
as the product of fuel particle number density and 
confinement time:

n > 1014 particles cm-3 sec at 10 keV
(~200,000,000K)

Note: for a large ensemble of particles, the average 
energy content is quantified by a temperature
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What is the energy to be 
harnessed?

Sounds interesting but complicated and a lot of work . . 
. . . why bother??

As noted earlier, the energy released (18 MeV) is shared 
between the He4 and the neutron in an 20:80 ratio.  

That is:

• The He4 (alpha particle, α) is moving 5700 miles/sec

• The neutron is moving at 23,000 miles/sec
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If we continue to burn fossil fuels for energy, they will last 
only another few hundred years. At our present rate of use, 
experts predict a shortfall in less than fifty years.

Shortfall begins Year 2030-
2050 (A.D.)

This assumes world population stabilizes at 10 billion, consuming at 2/3 U.S. 1985 rate.

Energy consumption
(billion barrels of
oil equiv. per year)

Why Fusion Energy?
The Fossil Fuel Era is almost over!
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Shortfall must be supplied 
by alternative sources

Energy available
(fossil, hydro,
non-breeder fission)
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Fossil Fuel Energy Sources:
Advantages and Disadvantages

Advantages Disadvantages

Coal • Abundant • Burns dirty
(200 Years+) • Transportable • Causes acid rain, 

• Causes air pollution, 
• Produces CO2

Oil • Flexible fuel source • Finite supply
(35 Years+) with many derivatives • Causes air pollution

• Transportable • Produces CO2

Natural Gas • Burns cleanly • Finite supply
(200 Years+) • Transportable • Produces CO2

The Big Three (coal, oil, and natural gas) have 
sustained the evolution of our civilization
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Non-fossil Energy Sources: 
Advantages and Disadvantages

Energy Sources         Advantages                       Disadvantages

Fission • Clean, no CO2 • Waste disposal is difficult
(Nuclear Power) • Does not produce • Safety concerns
(45 Years+)                      immediate pollution
(2700 Years-Breeder)

Hydroelectric • Clean, no CO2 • Dam construction destroys habitats
(mostly utilized) • Geographically limited

Wind • Clean, no CO2 • Huge numbers of windmills
(low utilization) required for adequate power

generation
• Geographically limited

Geothermal • Clean, no CO2                    • Geographically limited
(low utilization)

Solar • Clean, no CO2 • Huge number of solar cells required
(under utilized) for adequate power generation

• Geographically limited
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• The fusion reaction is hard to start 
and sustain!

- High temperatures (Millions of 
degrees) in a pure High Vacuum 
environment are required

- Technically complex and high capital 
cost 

• More Research and Development is 
needed to bring concept to fruition

- The physics is well advanced but 
requires sustained development on a 
long time  scale (20-40 years)

Fusion Energy Source:
Advantages and Disadvantages

Advantages Disadvantages

• Sustainable, long-term energy
source

- DT cycle: ~ 1000’s of years 
(Tritium breeding from Lithium)

- DD cycle: ~108 years
•  No emission of Greenhouse or 

other polluting gases; Helium is 
the waste

• No risk of a severe nuclear 
accident

- No meltdown possible
- Large uncontrolled release of 

energy not possible
• No long-lived radioactive waste
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So what is the goal?

The Holy Grail is an electric power plant driven by a 
fusion heat source created by a fuel plasma

So how do we start?



First to recognize is that very High 
Temperature is Required

23C Room Temperature
100C Water Boils

-200C   Liquid Nitrogen

-273C   Absolute Zero
-269C   Liquid Helium

100,000,000C Hydrogen Nuclei Fuse

6000C Sun Surface

16,000,000C Sun Center

1,500C Iron Melts

-78C   Dry Ice

3,400C Tungsten Melts

0C   Ice

100,000C Lightning Bolt
10,000C Fluorescent Light Plasma



Plasma is sometimes referred to as the fourth 
state of matter.

With high temperatures, the fuel 
will exist in the plasma state.
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Increasing Temperature



What are the properties of 
Plasmas?

 A Plasma is an ionized gas:  A 
mixture of positive ions and 
negative electrons with 
overall charge neutrality
 Plasmas are obtained at 

temperatures in excess of 
100,000 degrees
 Plasmas conduct electricity

and heat
 Plasmas interact strongly 

with electric and magnetic
fields
 Plasmas support many 

different types of waves and 
oscillations



How/when did this research start?

Around the end of World War II, fusion 
research began.
Because this activity was associated with 
weaponry, it was clouded in secrecy world-wide 
until the 1961 IAEA meeting.

Googling “Project Matterhorn” provides many 
good references as does a book by A. S. Bishop, 
“Project Sherwood.”

Progress was glacial; there were many difficulties.  
The long, hard slog began.
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What do we do to get fusion 
energy?

Once conditions for fusion are met, the reacting fuel 
plasma becomes Self-sustaining or Ignited when there is 
enough power generated to balance losses from the 
plasma

 In stars plasma particles (including ’s) are confined 
mainly by gravity and high plasma densities achieved

 On Earth, the fuel is contained in ‘non-physical’ bottles: 
– hot dense plasmas can be confined by magnetic fields 

(Magnetic Confinement Fusion, MCF)
– superdense plasmas can be obtained by imploding 

solid deuterium-tritium pellets (Inertial Confinement 
Fusion, ICF, largely classified)



 Pressure generation through uniform 
illumination (~1018-1019 W/m2), creating a 
100,000,000 atmosphere envelope or “bottle”

 Compression by rocket-like blow off, 
achieving 200,000 million atmospheres in the 
core and with implosion velocities of ~300 
km/s

 Ignition and burn – a microexplosion
- At peak compression, fuel reaches 1000-
10000 times liquid density for extremely short 
times (~10–11 seconds)
- Core is heated and ignition occurs

Let’s examine Inertial Confinement

Laser or particle beams implode small (3-6mm diameter) solid 
deuterium–tritium pellets to produce pulsed fusion conditions

T 

Conventional ICF



Conventional ICF has 
evolved into two paths

Direct drive

Indirect Drive

“Hohlraum”

Laser or 
particle 
beams

Ablator 
(e.g. CH, 
Be, etc.)

Frozen D-T



The U.S. has a major ICF device

Experiments using the 192-laser National Ignition Facility 
(NIF) at Lawrence Livermore National Laboratory have begun

23



NIF focuses up to 1.8 MJ on 
frozen DT pellets

Recent NIF experiments 
exceeded scientific breakeven, 
achieving energy output twice 
the energy absorbed by the 
fuel, i.e., Q ~ 2  

However, NIF’s primary 
mission is nuclear weapons 
stockpile stewardship, not 
energy research



Magnetic fields cause charged particles to spiral around field 
lines.

Plasma particles are lost to the system across field lines only 
by relatively slow diffusion across the field lines

Let’s now examine 
Magnetic Confinement

+ -Magnetic field line

Charged particles are free to leave the system along field lines
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How is the loss along field lines stopped?



Magnetic confinement, cont’d

1.  Pinching the field 
lines at the ends of a 
solenoidal magnet 
array, causing 
particles to reflect or 
“mirror” back into the 
solenoid

There are two solutions to stop the losses along field lines

x x x x
x x x x

Solenoidal Magnet Array
Devices:  TMX, MFTF-B
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Magnetic confinement, cont’d

But, a pure toroidal field 
does not confine single 
charged particles.  A radial 
gradient in the magnetic 
field causes a vertical drift 
to the wall

2.  Close the field lines on 
themselves through a 
toroidal array of solenoidal
magnets

x

x

xx

Solution:  Generate a 
helical magnetic field
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Magnetic confinement, cont’d

How does a helical magnetic field help?

 As the particle moves 
toroidally along a helical 
field line, it samples a 
changing magnitude and 
sign of the magnetic 
field gradient

 On average, this can 
mitigate the global 
effects of the vertical 
drift

So how is this done?
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Drive a current through the plasma

 In the mid 50’s, the Russians invented a device called a 
Tokamak that utilized a helical field
 Tokamak is Russian for Toroidal Chamber and Magnetic 

Coil
 In the mid 60’s, a skeptical West verified the results.  The 

impressive results were presented at the 1968 IAEA 
Fusion Energy Conference

The Tokamak is the most successful “magnetic bottle”

A toroidal plasma current
adds a poloidal magnetic field 
to the externally applied 
toroidal field creating the 
needed helical field



Alternatively, a helical field can 
be obtained with fixed magnets

Large Helical Device (LHD)
Japan

National Compact Stellarator 
Experiment (NCSX) 

PPPL

This concept, the stellarator, was invented by the U.S. in the 
1950’s.  Exacting mechanical tolerances and complex 3-D 
modeling have been achieved only recently.



With a functioning magnetic bottle, 
how do we heat and fuel?

 Some heating is obtained from the driven current –
“ohmic heating.”  However, as temperature rises, plasma 
resistivity drops.
 Record plasma temperatures and fusion energy output 

have been obtained by depositing energy through 
injection of high-power (> MW) neutral hydrogen isotope 
particle beams with energies up to 1 MeV.
 Close behind is injection of wave energy at the ion 

cyclotron (radio wave, MHz) and electron cyclotron 
(microwave, GHz) frequencies.
 Gas puffing for fueling has been replaced by pellet 

injection of frozen hydrogen isotopes.
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MFE has achieved near breakeven, 
Q=1, with a tokamak

After 30 years of painstaking tokamak experiments, large and 
small, at national laboratories and universities across the 
world, there have been two “breakeven” results

TFTR
PPPL

US

JET
Culham
England
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MFE will soon have a Q=10 device, 
ITER (Latin for ‘the way’)

ITER’s primary 
performance goal is 500 
MW thermal fusion power 
output (~1020 neutrons/s) 
driven by 50 MW input 
power for 400 sec.

This is about 1/6th the 
performance or size of a 
conventional electric 
power plant
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So how does this get 
done?



The Social Venture – A Work in 
Progress

ITER was conceived at the 1985 Reagan-Gorbachev Summit.

From 1988-1998, Conceptual Design and Engineering Design 
Activities took place with the European Union and Japan 
joining.  Design centers were located at Naka, Japan; 
Garching, Germany; and La Jolla, U.S.
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In 1998, Congress directed that the U.S. not continue 
until questions about cost and a site were answered



The remaining 3 Members 
continued with the ITER design

Over the next 2 years, the ITER design was downsized by a 
factor of two

In 2002, a U.S. fusion–community study concluded that the re-
designed ITER was the best choice for pursuing burning 
plasma discovery science

In 2003, President Bush authorized U.S. to rejoin ITER, and 
China and South Korea joined the ITER team
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So where does ITER get built?

In 2003, the surviving candidate sites were Rokkasho-mura, 
Japan and Cadarache, France

For nearly two years, no decision was made.

Finally, in June 2005, the European Union (EU) made an offer 
that Japan (JA) could not refuse:

JA would provide the first Director General (DG) to direct the 
ITER construction and the EU would host the star-building 
enterprise in southern France.  There were also some cash 
considerations.
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How would ITER be run?

With the site selection, negotiations began to formulate the 
structure and governance of the ITER enterprise.

In late 2005, India joined the ITER enterprise and actively 
participated in the negotiations.

The product, the ITER Joint Implementing Agreement (JIA), 
was sent to the seven governments to begin the process to 
enable formal signing of the JIA.
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JIA Governance Begins

ITER JIA signed 21 Nov 2006 by the seven Members
• Signing ceremony hosted by French President Chirac (Elysée Palace, Paris)
• Dr. Raymond Orbach (Undersecretary for Energy) signed for the U.S.
• Treaty for 6 Members; a hybrid Executive-Congressional Agreement for the U.S.
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The JIA entered into force in October 2007 for a period of 35 years.



JIA Governance Begins

The signed JIA contains 25 Articles that describe the roles, 
responsibilities, and expectations of the enterprise. 
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1 Establishment of the ITER 
International Fusion Energy 
Organization

2 Purpose of the ITER Organization
3 Functions of the ITER Organization
4 Members of the ITER Organization
5 Legal Personality
6 Council
7 The Director-General and the Staff
8 Resources of the ITER Organization
9 Project Resources Management 

Regulations
10 Information and Intellectual Property
11 Site Support
12 Privileges and Immunities
13 Field Teams
14 Public Health, Safety, Licensing and 

Environmental Protection

15 Liability
16 Decommissioning
17 Financial Audit
18 Management Assessment
19 International Cooperation
20 Peaceful Uses and Non-Proliferation
21 Application with regard to EURATOM
22 Entry into Force
23 Accession
24 Duration and Termination
25 Settlement of Disputes
26 Withdrawal
27 Annexes
28 Amendments
29 Depositary



JIA Governance Begins

There are also 6 unsigned, but initialed Annexes of Common 
Understanding and 10 subsidiary documents that outline 
details of the business model of the enterprise
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1 Value Estimates for ITER Phases of 
Construction, Operation, Deactivation 
and Decommissioning and Form of 
Party Contributions

2 Cost Sharing for all Phases of the ITER 
Project

3 Common Understandings on 
Procurement Allocation

4 Common Understanding on Overall 
Project Schedule

5 Common Understandings on ITER 
Management and Procurement

6 Common Understanding on 
Operations

1 ITER Council Rules of Procedure
2 Terms of Reference (MAC and STAC)
3 Staff Regulations
4 Project  Resource Management 

Regulations of the  ITER Organization
5 Headquarters Agreement with Annex and 

Protocol on Classified Information
6 Site Support Agreement between the 

ITER Organization and the CEA
7 Partnership Arrangement  with the 

Principality of Monaco
8 Cooperation Agreement with CERN
9 Cooperation Agreement with the IAEA
10 Implementing Measures Related to the 

Project Resource Management 
Regulations
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