
Making a Star on Earth: 
Fusion for Sustainable Energy 
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Fusion in stars have produced the 
elements we’re made of ….   

Massive stars use fusion processes to turn hydrogen and 
helium into larger atoms… up to about iron (Fe). This takes 
10 million years or so. 

 
Iron is very stable against further fusion reactions, so once a 

massive star has some (small) fraction of iron in its core, 
the fusion process is  dramatically reduced. 

 
The star implodes and then explodes, producing a supernova 

during which neutron capture processes produce and 
release heavier elements and the lighter ones already 
formed…. The elements that make up you and me and 
everything else. This process is measured in minutes!    



In fusion research, we’re concerned 
primarily with hydrogen isotopes. The 
fusion process combines two hydrogen 
isotopes into a helium nucleus and energy!

Deuterium + Tritium = Helium + n + Energy!
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A very small amount of mass is converted 
to energy in fusion. 

D T E=mc2

n He

The fraction of mass “lost” is tiny, just 38 parts out of 10,000!
!
Nevertheless, the fusion energy released from just 1 gram!
of deuterium-tritium fuel equals the energy from about 2400 
gallons of oil (7.4 million grams)!



Fusion energy will make transformational 
changes to the energy future for everyone on 
the planet:  

The fuel will last for thousands of years… 
–  Deuterium - inexhaustible supply from sea water (1 part/ 6,500 H20) 
–  Tritium - produced from Lithium, thousands of years supply 

Without Global Warming or Air Pollution 
–  Reaction product is Helium 

No Risk of Nuclear Accident 
–  No meltdown possible 
–  Large uncontrolled release of energy impossible 

Minimal or No High Level Nuclear Waste 
–  No high level radioactive waste (no fission fragments) 
–  Careful material selection should minimize waste caused by neutron 

activation 



To fuse together, 2 hydrogen nuclei must 
collide, but their positive electric charges try 
to push them apart 

We make them come together by 
making them collide at high speed = 
high temperature = a plasma! 



Matter exists in a wide temperature range 

100,000,000 D nuclei fuse in tokamak 

16,000,000 center of sun 

100,000 lightning 

10,000 fluorescent light 

6,000 surface of sun  

3,400 W melts 
1,500 Fe melts 

100 water boils 

23 room temp 

0 ice 

Dry Ice  -78 

LN2  -196 

LHe  -269 

Abs. Zero  -273 

Celsius 



Most of the matter we know about 
in the universe is in the plasma 
state. 

The Sun and most stars are 
made of plasma.  

Nebulae contain gas, dust 
and plasma.  



seen from Space Shuttle	


Auroras are particularly 
impressive displays of plasma 
seen from Earth. 



Auroras occur when plasma from 
the Sun is trapped in Earth’s 
magnetic field. 

Plasma leaves the Sun in flares, 
filaments, & coronal mass 

ejections: 



Plasmas on the Earth’s surface 
require a source of heat to ionize 
the gas. 

l  The Earth’s surface is a 
rather cold chunk of the 
universe.!

l  Making a plasma at the 
Earth’s surface requires 
a source of heat, such as!

 
 

 
lightning!



To allow for the fusion process to 
occur, we have to hold the extremely 
hot plasma away from the walls of the 
chamber… 
!

1. Magnetic fields are invisible, but they exert forces 
on remote objects such as magnets 

2. Magnetic force fields also exert forces on moving 
charged particles (such as the ions and electrons in 
a plasma!) 

3. By carefully arranging the magnetic field, we can 
create a "magnetic bottle" to confine the extremely 
hot fusion plasma. 

4.  We must ultimately achieve a sufficient ‘triple 
product’ value of  temperature, density, and particle 
energy confinement time > 10^21 keV s/m^3 



A fusion power plant would use the energy 
released in fusion to heat water into steam to 
generate electricity. 

Similar to coal power plant that burns coal to make steam, but 
requires 1,000,000X less fuel for the same amount of  steam 
and electricity. 



Magnetic fields hold the very hot plasma 
away from the walls (a “magnetic bottle”) 

Unconfined!

Electrons!
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San Diego is home to the DIII-D tokamak, the 
largest magnetic fusion research facility in 
the United States. 

Inside the DIII-D device	


Video of tokamak 
plasma 
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Fast Wave (Ion cyclotron)"
Ion cyclotron frequency waves in DIII-D 

Ø  Frequency ~  60 - 90 MHz 	

Ø  Power ~ 3 MW @ 80 kV 

ions or electrons	

Ø  Source of heat and current	


DIII-D CROSS SECTION  
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Microwaves"
Electron-cyclotron (EC) frequency waves in DIII-D 

Ø  Frequency ~ 110 GHz 	

Ø  Power ~ 3 MW @ 80 kV	

Ø  Very localized heating or 

stabilization of plasma islands 	

Ø  Source of heat and current	

Ø  Need very high B and low T!	


Footprint of  2 EC beams (infrared) 



Microwaves"
Gyrotron schematic 



Neutral beams 
in DIII-D"

4 beam lines, each containing 2 ion sources:	

•  Power ~ 20 MW	

•  1 tilted source pair	


•  1 reverse-direction source pair	




ITER (first plasma ~2022) 
International, based in France"

International in scope	

About 3x larger than DIII-D	

Another experimental device	

Long duration – a real ‘reactor’	

500 MW Fusion power	

No electrical output	




So, WHEN will fusion be able to make a 
difference on Earth? 

"The optimistic view, since the 1960’s, has been ‘in 30 years’	

	

So, we should have had it in the 1990’s???	

	

Oil is still relatively cheap ($$) and engineers are finding 	

more ways to obtain it.  And the population is finding more 	

ways to abuse it.	

	

To begin to make a difference to the Earth’s population using 
fusion, one might imagine having a dozen or so such	

energy producing devices.  That may take to the end of the 	

present century. 	




To leave you on a positive note …. 
"

We’re all familiar with ‘Moore’s Law’	

	

The number of components in integrated circuits has 
approximately doubled every year since the invention of the 
integrated circuit in 1958 until today.	

	

We have been witnesses to this general observation.	

	

Fusion research has surpassed Moore’s Law by increasing the 
triple product of density, temperature, and energy 
confinement time at a higher rate – small achievements in 
plasma physics that lead to major advances in fusion science.	




For more information:  

General Atomics Fusion Education Group web site: 
 

http://fusioned.gat.com 
 

Center for Energy Research web site: 
 

http://cer.ucsd.edu/ 
 

Email your questions to: 
 

turcof@fusion.gat.com 


