
FIGURE 1:  "Best 
plausible hope"   
energy supply and 
demand projection 
based on UN 
population growth, 
world energy 
consumption, and 
energy conservation 
(1, 2, 3). 
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Energy from nuclear fusion is the future source of sustained, full life-cycle environmentally 
benign, intrinsically safe, base-load power production.   The nuclear fusion process powers our 
sun, innumerable other stars in the sky, and some day, it will power the Earth, its cities and our 
homes.  The International Thermonuclear Experimental Reactor, ITER, represents the next step 
toward fulfilling that promise.  IT ER will be a test bed for key steppingstones toward engineering 
feasibility of a demonstration fusion power plant (DEMO) in a single experimental step.  It will 
establish the physics basis for steady state Tokamak magnetic containment fusion reactors to 
follow it, exploring ion temperature, plasma density and containment time regimes beyond the 
breakeven power condition, and culminating in experimental fusion self-ignition. 

 
Motivation for development of fusion for power 
generation is ample.  The world is in dire need of a 
safe, clean, sustainable source of power (Figure 1).  
In the future as we see it today, population growth 
continues its march upward, and energy demand, 
especially in developing countries, rises with only 
limited adoption of improvements in conservation 
and renewables.  Fusion as a power source does not 
add to global climatic and human health 
consequences due to GHG and other pollutant 
release by burning of fossil fuels.  With common 
Deuterium (2H), and Tritium (3H) potentially 
derived from Lithium (6Li) as the only fuels, and 
Helium (4He) the only waste, fusion does not 
involve the use of any fissile materials, and creates 
only short-lived activated materials (with t1/2 
typically <<100 years) requiring only above-ground 
Low Level Waste (LLW) class storage.  A fusion 
reactor is inherently safe, containing typically <5 
grams of fuel in the plasma at any given time, and 
requiring an extraordinary vacuum environment 
with fuel at temperatures of over 100 million 

degrees.  Fuel is virtually unlimited, available to all 
nations. The facilities require minimal land use, and 
are not subject to weather variation, nor do they 
require energy storage.  As well, advanced fusion 
reactions offer even greater benefit.  Truly, there is 
no power source like that of nuclear fusion. 
 
Research in containment of controlled nuclear 
fusion began in the early 1920's, primarily for 
military endeavours.  At the historic 1958 Atoms 
for Peace conference in Geneva, though, 
declassification of nearly all research accomplished 
to that date, including details of the Soviet 
Tokamak (toroidalnya kamera ee magnetnaya 
katushka - torus-shaped magnetic chamber) 
designed in 1951, allowed the world to forge ahead 
in development of fusion energy with a level of 
cooperation unprecedented in any area even to 
today.  Over 100 Tokomaks have been built in 30 
countries since, shaping fundamental knowledge 
and confidence in technology suitable to capture 
fusion as a power source. 

35

30

25

15

10

5

0

20

1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120 2130

Year

W
or

ld
 E

ne
rg

y 
C

on
su

m
p

tio
n 

(T
er

a
w

a
tts

)

Oil
Coal
Natural Gas
Nuclear Fission
Conventional renewables
Inferred new supply needs

Shortfall > 20%

Optimistic outlook for fission
(LWR/HWR/Breeder) limited

by non-proliferation concerns

Includes biomass use
at triple 1990 levels

Fossil fuel use reduced
50% for less CO2

Medium 11.4 billion
people at 3kW/person

High 13.8 billion people
at 3kW/person

Low 7.85 billion people
at 3kW/person

7.9%
6.6%
22.8%

22.2%

39.9%

Today

{

{

{
{

{

“Best-Plausible-Hope”:  World
energy demand may be reduced

by population limits, and by
energy efficiency improved 3%/yr



  FIGURE 2:  The ITER-FEAT device and major components (4).  Overall scale is 30 m tall, 15 m radius. 

FIGURE 3:  The way toward fusion power (5). 

FIGURE 4:  Progress in fusion power output has 
been faster than memory chip bit density (6). 

The ITER project itself began at the Geneva 
Summit in 1985, with a device designed to be 
capable of a steady-state, self-sustaining fusion 
reaction with a significant net energy gain.  ITER 
Conceptual Design Activities (CDA) began in 1988 
and were completed in 1990, carried out jointly by 
the U.S., E.U., Japan and Russia under the auspices 
of the IAEA.  Engineering Design Activities (EDA) 
commenced in 1992 and finished in 1998 resulting 
in a complete design.  Financial constraints 
demanded a reduced-cost approach, though, and a 
second EDA period of 1999-2001 completed the 
current ITER-FEAT (Fusion Energy Amplifier 
Tokamak) design (Figure 2).  With a final design 
accepted, the process of site selection is now 
underway, with Canada (Clarington), France 
(Cadarache), Spain, and Japan (Aomori and 
Ibaraki) under consideration.  The choice for the 
preferred site is expected in June, 2002, with a final 
agreement set for December, 2002.  In 2003, a 10-
year construction period will begin, with a 4-phased 
operation schedule projected for 2012-2032, and 
decommissioning to follow .  Progress with ITER is 
hoped to lead to DEMO in the early 2030's, and 
finally, a fusion power plant in by 2050 (Figure 3). 

Although significant excess power (that is, greater 
than that required to create the conditions for fusion 
to begin, or a 'Q' value - the ratio of energy out over 
in - of > 1 or more than "breakeven") has yet to be 
produced, the past 25 years of fusion research 
especially has brought staggering improvement in 
fusion performance (Figure 4).  Controlled fusion 

in magnetic confinement has stimulated a 100,000x 
(105) increase in the product of plasma density, 
temperature and confinement time achieved (known 
as the Lawson Criterion), and an even more 
impressive 100,000,000x (108) increase in fusion 
power production in the same period.  ITER has 
been designed to continue this trend, able to sustain 
a Q > 5 for period of up to 300 seconds, and a Q > 
10 for periods of at least 10 seconds (Figure 5).  
More precisely, for high power pulses, ITER will 
be capable of creating 410 MWth of fusion energy 
from 40 MW of heating power.   
 
Once construction of ITER is complete, four 
distinct operational phases will commence.  The 
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FIGURE 5:  Progress toward fusion as an electric power source. 

TABLE 1:  Common fusion reactions (7). 

FIGURE 6:  Fusion reaction rate profiles (8). 

first will be a three year period seeing only 
Hydrogen fuel at DT fusion relevant temperatures.  
An H-plasma allows initiation, and full 
commissioning of the tokamaks over 45 diagnostics 
and heating systems, cyclic current and magnetic 
field ramp-up/down, testing of the divertor 
configuration and disruption control, all without 
fusion occurring - i.e. a non-nuclear environment.  
Next, one year of operation with pure Deuterium 
fuel will see production of neutrons and limited T 
from DD fusion reactions (Table 1).  The power 
produced will remain low, though, as the reaction 
rate profile for DD fusion is much lower than that 
of DT (~100x less at 10keV or approximately 100 
million degrees - see Figure 6).  Nonetheless, initial 
use of the heat transport and tritium processing 
systems will take place, testing of particle control 
(including fuelling, ash and impurity transport and 

pumping) and establishment of 
a reference plasma (density 
and temperature profiles, 
divertor shaping, onset of edge 
localized modes) in steady-
state operation will be made.  
The third phase, low duty DT, 
will see development of high 
Q (up to 10) and power (up to 
500 MW) for increasing pulse 
lengths.  At the end of this 
three year period, testing of 
DEMO-relevant test blanket 
modules will begin, as well as 
confidence in the capabilities 
of the remote manipulation 
system.  In the final and 
longest phase, improvement in 
high duty DT fuelled fusion 
burn performance will be the 
focus.  Testing of DEMO 
components and advanced 
materials with higher neutron 

fluences and exposure durations will be possible, as 
well as exploration of advanced modes of plasma 
operation well beyond those within reach of current 
devices.  This may be further advanced by the 
addition of up to 110 MW of total heating power, 
and operation of plasma current up to 17 MA. 

With these improvements, it is hoped that ITER 
will also allow for the possibility of reaching a 
more important goal, one that will be essential for a 
fusion power plant.  For a deuterium-tritium 
plasma, once heating of alpha particles (the Helium 
nuclei product of fusion), not by external input but 
by the fusion process itself, is equal to the heat loss 
through the vessel walls and divertor, the plasma 
becomes self-sustaining and is said to be ignited, or 
burning.  External heating can be turned off, and 
the plasma will continue to exist and induce fusion.  
With no heating (energy input), the Q factor ratio 
tends to infinity and the fusion process is controlled 
in steady state only by the fuelling rate to the torus. 



To approach this condition, though, key issues 
currently understood only theoretically must be 
studied.  These include: 
 
• Effects of energetic alpha particles on plasma 

stability and turbulence 
• Non-linear coupling between alphas, pressure 

driven currents, turbulent 
transport, 
Magnetohydrodynamic (MHD) 
instabilities, and boundary-
plasma interactions 

• Stability, control and 
propagation of fusion burn and 
ignition transient phenomena 

• Techniques to optimize 
operational modes and profile 
regimes in toroidal fusion 
plasmas (Figure 7) 

 
ITER is not the only reactor that has been designed 
with the goal of fusion ignition in mind (Table 2).  
Two other reactors, FIRE (US) and IGNITOR 

(Italy), intend to explore a steady-state fusion burn 
on a much more compact scale.  This is attractive 
from both a cost, and specialization point of view, 
compared to ITER's broad approach.  In addition, 
the superconducting device KSTAR, with operation 
in 2004 in Korea, will bring long-pulse experience 
that will contribute significantly to ITER operation. 

 
From an engineering perspective, ITER has already 
led the growth of advanced technology in all its 
member nations.  These include research in large, 

pulsed superconducting 
magnets, microwave and other 
plasma heating techniques, 
remote manipulator design, 
tritium handling, advanced 
computing, and control room 
technologies.  Materials 
research focused on high-heat 
flux components, high-energy 
neutron damage, and reactor 
structure design has led to 
advanced alternatives to 
current pyrolytic graphite 
armour and ferritic steel first 

TABLE 2:  Detailed parameter comparison of current, and future burning plasma reactors (9 - 15). 

Parameter Units JET DIIID KSTAR FIRE IGNITOR ITER ARIES 
Year of operation - 1983 1985 2004 2008? 2008? 2012 2030+ 
Major radius, R m 2.96 1.6 1.8 2.0 1.32 6.2 5.1 
Minor radius, a  m 1.25 0.56 0.5 0.525 0.47 2.0 1.3 
Cross-sectional area m2 5.1 2.1 1.5 1.6 1.27 21.9 8.7 
Vacuum vessel volume, V m3 95 21 17 20 11 837 308 
Plasma surface area m2 150 48 48 60 35 678 425 
On-axis toroidal field, B T 3.45 2.2 3.5 10.0 13.0 5.3 6.0 
Toroidal plasma current, Ip MA 4.8 3.0 2.0 6.5 11.0 15.0 13.0 
Volume avg. plasma density, ne ˜  n i m-3 2x1019 4x1019 1x1020 5x1020 5x1020 1019 1020 
Volume avg. electron temp., <Te> keV 1.4 2.0 6.4 8.2 5.8 8.9 18.1 
Volume avg. ion temp., <Ti> keV 1.7 4.0 7.4 8.2 5.2 8.1 18.0 
Effective plasma charge, Zeff - 1.1 1.2 1.3 1.41 1.2 1.65 1.83 
External heating power, Ph MW 25 24 15.5 30 11 40 37 
? (Helium) - particle power, P? MW 3.2 0.002 15+ 56 19 82 351 
Fusion power (thermal), PF MW 16 0.003 20+ 220 25 410 1759 
Peak neutron wall load MW/m2 0.3 0.7 2.0 3.0 1.0 0.8 4.9 
Peak neutron divertor load MW/m2 0.5 2.0 3.0 5.0 4.0 5.0 14.7 
Energy multiplication, Q - 0.64 0.3 1+ 10 8  10 47 
Containment time, t  s 1.2 10 20+ 20-60 steady 300+ steady 
Construction cost (2000 $CAN) $B 0.95 0.7 1.7 1.9 1.0 7.3 6.5 

FIGURE 7:  Profile improvement with advanced confinement modes. 

FIGURE 8:  ITER scale in comparison with other existing and planned reactors. 



wall materials (Figure 8, Model 2), including low-
activation Vanadium / Titanium / Chromium alloys 
(Model 1), Silicon Carbide, and low tritium 
inventory handling scenarios (e.g. Beryllium). 
 
Finally, continued advancement in integrated 
simulation of all characteristics of tokamak 
operation is necessary, both for understanding of 

experimental results, and predictive modelling of 
future reactor designs (Figures 10 and 11) as a 
means for performance enhancement.  Valuable 
extensions to existing fusion power and energy 
confinement databases will provide a firm basis for 
further development to power reactor relevant 
regimes and insight into more economical 
approaches to plasma confinement and control. 
 
All of this effort will culminate in a proto type 
power reactor, DEMO.  Already, template designs 
for such a reactor exist, based on the most advanced 
magnetic confinement knowledge we have gained 
thus far.  ARIES-AT (US), the latest in an evolving 
series of reactor designs, and the SSTR (Steady 
State Tokamak Reactor) (Japan), each complete 
designs for 1000 MWe reactors, represent the 
ultimate goal of fusion energy research; that of 
commercially viable power production from fusion, 
the power source of the stars. 
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FIGURE 9:  
Comparison 
of radio 
toxicity of 
power 
production 
options years 
after 
shutdown 
(16). 

 

FIGURES 10, 
11:  Empirical 
fit of main 
parameters of 
major 
tokamaks 
worldwide 
(17). 


