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Very early in the 

atomic age it was 
EIERGY realized that the re- 

l, j ~ action that produces 
the hydrogen bomb 

could be a great source of energy 
if it could only be controlled. At one 
time it was thought that the research 
on a fusion reactor might proceed so 
quickly that it would possibly be an 
alternative to the first generation of 
fission reactors of the breeder type, but 
the early projections were too optimstic. 
No one knew in the early 1950's how 
slow progress toward a fusion reactor 
would be because few scientists realized 
that it would be necessary to unravel 
and master the details of a whole new 
field of science-plasma physics-first. 
Scores of different shapes for magnetic 
systems have been tested to see how 
well they would contain a fusion reac- 
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tion. But so far none has shown that 
net production of energy is feasible. 

As a result of rather encouraging 
experiments in the last 4 years, many 
scientists now think that controlled 
fusion is probably attainable with mag- 
netic containment systems, possibly 
about 1980. Some scientists have esti- 
mated that an alternate approach to 
fusion-with a laser to heat the fuel- 
might be feasible sooner (Science, 29 
September 1972). If the scientific feasi- 
bility of either magnetic or laser fusion 
were demonstrated, commercial sales 
of fusion reactors would still not begin 
until after experimental reactors were 
extensively tested and a demonstration 
reactor proved successful. The specific 
studies necessary to begin to assess 
the size, cost, operating characteristics, 
radioactive hazards, and environmental 
effects of a fusion reactor are in a 
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very early stage for laser fusion and 
are just becoming available for mag- 
netic fusion. However, it is clear that 
fusion reactors would have two great 
advantages: virtually unlimited fuel-re- 
sources and no conceivable danger of 
an explosive accident. 

Two heavy isotopes of hydrogen are 
commonly considered as the likely 
fuels for fusion: deuterium and tritium. 
Deuterium is so plentiful in seawater 
that it would be an extremely cheap 
fuel (costing only 0.003 mill per kilo- 
watt hour); but tritium would have to 
be bred in a fusion reactor, much like 
plutonium can be bred in a fission re- 
actor. The temperature for burning a 
mixture of deuterium and tritium is 
so high that no material could contain 
the fuel without melting. But magnetic 
fields shaped like bottles can keep the 
hot fuel from touching any walls. 
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Three types of magnetic field designs 
seem to be quite promising: toroidal 
shapes (of which the Soviet design, 
the tokamak, is the best-known ex- 
ample), pinch devices, and magnetic 
mirror machines. 

Although no assurances are possible, 
there are reasons to think that increas- 
ing the size of each of the three designs 
would be sufficient to demonstrate 
scientific feasibility. But it won't be 
cheap. The total cost of the U.S. fusion 
research program necessary to build 
all three machines by 1980 would be 
about $1 billion, and some Atomic 
Energy Commission (AEC) officials 
have estimated that about $5 billion 
will be necessary to build an experi- 
mental reactor based on any one design. 
The budget for the Controlled Thermo- 
nuclear Reactor division of the AEC 
for fiscal year 1973 is $40 million. 

Reactor Design Problems 

Since the concepts and the status of 
various plans for magnetically confined 
fusion have been discussed previously 
(Science, 21 May 1971 and 27 August 
1971), this article will be focused on 
the problems of building a practical 
reactor and the environmental effects 
that might be expected if fusion were 
to become a major energy source. 

The most recent designs for a fusion 
reactor have been based on a tokamak 
design for the magnetic containment 
system. The fuel for a tokamak would 
be injected every 3 minutes into a 
toroidal chamber where it would be 
heated and compressed into a dense 
plasma to produce fusion. In order to 
absorb the energy of the fusion reaction 
and to breed new tritium, it would be 
necessary to surround the inner chamber 
with a blanket of lithium or lithium 
salts about 1 meter thick. A comparably 
thick shield of water or other neutron- 
absorbing material outside the lithium 
blanket would be necessary to protect 
the coils of the superconducting mag- 
nets, which would be on the outside 
of the multilayer assembly. The toroidal 
reactor would be a massive device, 
with a minor radius of about 5 meters 
and a major radius greater than 15 
meters. 

Many design parameters for a fusion 
reactor are changing. Early design 
studies postulated an electrical power 
capacity of 5000 megawatts for a re- 
actor based on a tokamak design, but 
the flux of neutrons passing through 
the inner wall proved to be so great 
that no material considered would last 
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long enough to be practical. A recent 
design by Art Fraas, of the Oak Ridge 
National Laboratory, Oak Ridge, Ten- 
nessee, has a much lower total power, 
about 500 megawatts, and a corre- 
spondingly lower neutron flux. Though 
the lower-powered reactors appear to 
have less troublesome materials prob- 
lems, the capital costs and the operat- 
ing costs will almost certainly be higher 
because the very expensive magnets 
will be used less efficiently. However, 
according to Robert Hirsch, acting di- 
rector of the Controlled Thermonuclear 
Research divsion of the AEC, improve- 
ments in the technology of large super- 
conducting magnets and efficiencies of 
mass production could offset the in- 
creased magnet costs. All costs are 
quite uncertain now; estimates of the 
cost of the superconducting magnets 
alone range from $20 to $60 per kilo- 
watt of electrical capacity. 

The design of a fusion reactor will 
present many difficult engineering prob- 
lems because enormous differentials of 
temperature and neutron flux must be 
sustained over very small distances. 
Typically, the temperature at the cen- 
ter will be 100 X 106 ?C, and the 
neutron flux will be greater than 1013 
neutrons per square centimeter per 
second; but only 2 meters away, where 
the superconducting magnets will be 
situated, the neutron flux and the abso- 
lute temperature must be almost zero. 

One of the most troublesome engi- 
neering problems is the choice of ma- 
terial for the inner wall. It should not 
react with very hot liquid lithium 
(1000?C), and it should last at least 
10 to 20 years in a very large flux of 
neutrons. (The neutron flux in refer- 
ence designs for a fast breeder fission 
reactor cooled by liquid metal is sev- 
eral orders of magnitude greater, but 
the higher energy neutrons from a 
deuterium-tritium fusion reaction are 
much more damaging to the structure.) 

Pure lithium would be desirable for 
a blanket because it breeds tritium 
more efficiently than lithium salts do, but 
it could be very troublesome to pump 
liquid lithium through the system. 
Since liquid lithium is a conductor, it 
can only be pumped in certain direc- 
tions without resistance from the mag- 
netic field. Other ways to extract heat 
from the reactor, for instance, with 
helium pumped through the lithium 
blanket, are being investigated. 

Outside the blanket a shield will be 
needed to protect the superconducting 
magnet from heat, fast neutrons, and 

x-rays. An efficient shield against neu- 
trons would be 1 meter of water, but 
if lithium came into contact with water 
in the shield, a violent reaction would 
occur. Some engineers think that an- 
other material for the shield, such as 
graphite, would be a better choice. 

Though any reactor would be care- 
fully designed in order to minimize the 
probability of malfunctions of any 
system, the hazard of an accident to 
the magnet system would be consider- 
able, because the total energy stored in 
the magnetic field would be 2 X 1011 
joules, about the energy of an average 
lightning bolt. An even greater hazard 
would be a liquid lithium fire. 

The thermal pollution produced in 
a fusion reactor could possibly be less 
than in a fossil fuel plant because the 
high operating temperature would make 
possible a large thermal conversion 
efficiency. The design proposed by 
Fraas would convert 55 to 60 percent 
of the thermal power to electrical 
power-compared to 40 percent for 
a modern fossil fuel plant-by use of 
a binary vapor generating cycle. How- 
ever, the amount of energy needed to 
power a plasma gun for injection of 
the fuel is not known and could reduce 
the efficiency significantly. 

Possible Tritium Hazard 

Many proponents of fusion have 
argued that very high conversion ef- 
ficiencies might be achieved by directly 
converting fusion energy into electrical 
energy, bypassing the thermal cycle. 
If the charged particles in the plasma 
passed through an electric or magnetic 
field, electricity could be produced. 
However, the most likely fuel for fusion 
-a deuterium-tritium (D-T) mixture 
-would be the least practical one for 
direct conversion because only 20 per- 
cent of the energy is released in charged 
particles. The feasibility of direct con- 
version for other fuels, such as deu- 
terium plus deuterium (D-D) or deu- 
terium plus helium-3 has not yet been 
shown, according to David J. Rose of 
the Massachusetts Institute of Technol- 
ogy, Cambridge, Massachusetts. The 
direct conversion chamber for a mirror 
or pinch type of fusion reactor would 
be a huge disk, about 100 meters in 
diameter, from which it would by very 
difficult to recover the spent plasma. 

The greatest hazard of a fusion re- 
actors-whether the magnetic contain- 
ment type or the laser type-would un- 
doubtedly be the release of tritium, 
the volatile and radioactive fuel, into 
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the environment. Tritium has a rela- 
tively short half-life, about 12 years, but 
its spreads rapidly, both because it is 
a light gas and because it can replace 
hydrogen in molecules such as water. 
The radioactivity of tritium (low-energy 
beta emission) is relatively benign com- 
pared to many fission products, how- 
ever, and the biological hazard from 
the inventory of tritium in a fusion 
plant would be much less dangerous 
than the hazard of the inventory of 
the volatile product, iodine-131, from 
a fission plant (1). 

The problem with tritium is that it 
is very difficult to contain, and the 
most optimistic estimates agree that at 
least 0.03 percent of the total inventory 
would probably escape from the re- 
actor each year. A great deal more 
tritium would penetrate the structural 
components, according to David Rose, 
but would normally not escape. Most 
metals that seem suitable for reactor 
structures tend to become very perme- 
able to tritium at the working tempera- 
tures of a fusion reactor. In a prelimi- 
nary appraisal of the tritium hazards 
(I), Fraas estimated that 60 curies of 
tritium would be released per day, with 
one-fourth released in the form of 
water through the steam cycle. Tritium 
in water is much more dangerous than 
tritium as gas because it is much more 
rapidly assimiliated by the human body. 
But if the entire cell in which the re- 
actor is contained were evacuated, 
Fraas thinks that the total tritium re- 
lease could be held to 1 curie. However, 
he emphasizes that any estimate of 
the tritium release is necessarily un- 
certain at this time because many of 
the data necessary for such a calcula- 
tion are not known. 

One of the yet unanswered questions 
about fusion power is whether the 
tritium hazard would be small enough 
to permit siting of fusion reactors in 
the middle of cities, where much elec- 
tric power is consumed and where the 
waste heat could be sold for industrial 
and home use, rather than be dis- 
charged to create thermal pollution. 
According to Robert Hirsch, if an 
exhaust stack were used for a fusion 
reactor, the maximum exposure anyone 
would receive at ground level would 
be one-fifth the current AEC tolerance. 
Such estimates are encouraging, but 
the leak rates assumed are near the best 
that have been achieved in any tech- 
nology. Because the total tritium inven- 

tory of a fusion reactor will be about 
108 curies, reactors will probably not 
be located in urban areas until after 
extensive operating experience has been 
accumulated. 

A fusion reactor that burned deu- 
terium (D-D) might become feasible at 
some time very far in the future, but 
it would not be free of tritium either 
because it would be produced in the 
D-D fusion reaction. It is possible that 
the tritium inventory of a D-D reactor 
would be almost as large as in a D-T 
reactor. Thus, the distinct advantage 
of the D-D fusion reactor would not 
be a reduced environmental hazard so 
much as a virtually limitless supply of 
cheap fuel, for the deuterium in sea- 
water would supply the world's energy 
needs for more than a billion years. 

Even though the D-T fusion reactor 
would not be free of radiation prob- 
lems, many observers believe that the 
total release of tritium during the fuel 
cycle would be no greater than the re- 
lease of tritium during the fission fuel 
cycle, most of which occurs during 
the reprocessing of fuel rods. Further- 
more, because a fusion reactor would 
breed its own fuel-and immediately 
burn it-no massive shipments of radio- 
active fuel would be necessary. The 
only product of D-T fusion would be 
nonradioactive helium. The only sig- 
nificant radioactive remnant from a 
fusion reactor would be the inner 
structural assembly, which, if made of 
niobium, would cool fairly rapidly and 
would present fairly easy problems for 
waste disposal. 

The radioactivity in structural mem- 
bers would generate a certain amount 
of heat even if the fusion reaction were 
stopped, but the amount would be so 
much less than the "afterheat" of fis- 
sion reactors that it is not expected 
that any damage to the reactor would 
occur if the flow of coolant were inter- 
rupted. 

Prospects for Proof of Fusion 

What is the current status of U.S. re- 
search? Apparently large toroidal ma- 
chines such as tokamaks are closest 
to feasibility; more money is spent on 
research for tokamaks than other de- 
signs. Problems for these are maintain- 
ing the purity of the plasma and heat- 
ing it. At least three methods of heating 
are being intensively investigated, and 
preliminary results indicate that one of 
them, heating by compression, will very 

likely be successful. It is now being 
investigated with the adiabatic toroidal 
compression (ATC) tokamak at the 
Princeton Plasma Laboratory. 

Magnetic mirror machines will only 
work if a quiescent plasma regime can 
be reached. Three approaches are being 
tried; a promising one (Baseball I at 
the Lawrence Livermore Laboratory) 
uses neutral beams for heating. If the 
quiescent regime can be reached, and 
if the losses of plasma through the ends 
of the mirror agree with theory, a 
machine large enough to demonstrate 
feasibility would be the next step. Sub- 
stantial upgrading of the neutral beams 
would be required, however. 

Large pinch machines, such as the 
Scyllac machine at Los Alamos Scien- 
tific Laboratory, will be thoroughly 
tested about 1975. However, such ma- 
chines will be limited by their need 
for large amounts of power delivered 
very rapidly. The present power 
sources, banks of capacitors, will not 
be sufficient for a feasibility machine. 
If the Scyllac proves successful, dif- 
ferent power sources-large inductors, 
for instance-and two-step compres- 
sion and heating will be required. 

No dramatic breakthroughs have oc- 
curred recently in the program of fusion 
by magnetic confinement, and con- 
trolled fusion is still far from a cer- 
tainty. However, many scientists think 
that the answer to the question of scien- 
tific feasibility will be known within 
the decade. If fusion power works, 
some observers expect that the develop- 
ment of a commercial power plant will 
be rapid. Others, however, note that, in 
contrast to the history of fission power 
-less than 3 years elapsed between 
the idea of a fission chain reaction and 
the proof of scientific feasibility with 
a simple assembly of graphite braced 
in a wooden frame-almost 20 years 
has elapsed since the beginning of re- 
search to prove the feasibility of fusion. 
If the complexity of the feasibility ex- 
periments is any indication of the 
sophistication of a future fusion re- 
actor, the development of a commercial 
reactor may be as halting and tedious 
as the progress toward proving the 
principle.-WILLIAM D. METZ 
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