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J, P. Holdren, T. K. Fowler, and R. F. Post 
Lawrence Livermore Laboratory 

University of California 
Livermore, California 94550 

ABSTRACT 
Environmental characteristics of conceptual fusion-reactor systems 

based on magnetic confinement are examined quantitatively, and some compar
isons with fission systems are made. Fusion, like all other energy sources, 
will not be completely free of environmental liabilities, but the most ob
vious of tnese - tritium leakage and activation of structural materials by 
neutron bombardment - are susceptible to significant reduction by ingenuity 
in choice of materials and design. Large fusion reactors can probably be 
designed so that worst-case releases of radioactivity owing to accident or 
sabotage would produce no prompt fatalities in the public. A world energy 
economy relying heavily on fusion could make heavy demands on scarce nonfuel 
materials, a topic deserving further attention. Fusion's potential environ
mental advantages are not entirely "automatic" — converting them into prac
tical reality will require emphasis on environmental characteristics 
throughout the process of reactor design and engineering. The central role 
of environmental impact in the long-term energy dilemma of civilization jus
tifies the highest priority on this aspect of fusion. 

1. INTRODUCTION 
The attractiveness of controlled thermonuclear fusion as a future main

stay of civilization's energy supply is due largely to two characteristics: 
a fuel supply that is accessible, abundant, and cheap; and the potential for 
achieving a high degree of safety and low level of social and environmental 
impact. The latter aspects are actually in many respects the more important 
ones; for it is environmental and social constraints, far more than adequacy 
of fuel supplies, that threaten to limit civilization's rate of energy use 
in the next hundred years (1_). 

To embody the potential advantages of fusion in a practical and econom
ic technology remains one of the great challenges of the twentieth century. 
A demonstration of scientific feasibility — that is, the laboratory achieve
ment of a combination of fuel temperature, density, and duration of confine
ment thafwould lead, in a reactor, to net power production - has not yet 
beer, accomplished. There is reason to hope that such a demonstration will 
take place by 1980 or shortly thereafter. This event will have to be 
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followed by an intensive period of engineering development, lasting perhaps 
10 to 15 years, in order to translate scientific feasibility into a power 
plant capable of delivering electricity to a utility grid. Some of the main 
pathways to scientific feasibility - and the intricacies of the technological 
development that subsequently will be required — have been described earlier • 
in these proceedings by Fraas (2), and elsewhere by Post and Ribe (3). 

In the present early stage of the development of fusion, it is not pos
sible to be sure what a successful fusion reactor will look like in overall 
configuration, to say nothing of many engineering details. Nor is it pos
sible, accordingly, to say with any confidence what a commercial fusion re
actor will cost to build. This is an issue of some importance, because high 
construction costs could offset the economic advantage of cheap fuel (as ad
vocates of nuclear Mission and solar energy will recognize!); nevertheless, 
not much light can be shed on the cost question at the present state of 
knowledge. Despite the uncertainties, we believe it does make sense to look 
as carefully as we can at this stage at the environmental and safety charac
teristics of fusion. The motivation for doing so is to be able to identify 
potential problems early enough to take them into account in the main tech
nological choices that are rade. Fusion, like all energy technologies, will 
not be completely free of environmental consequences, but it should be pos
sible to make the adverse impact relatively modest by designing with the ad
vantages and liabilities of the fusion process clearly in mind from the 
beginning. 

Environmental effects occur, in general, at many stages of the energy 
cycle, from exploring for fuel resources to management of final wastes. 
Without claiming to be completely comprehensive, we believe that the envi
ronmental characteristics of fusion important enough or unusual enough to 
deserve mention here fall into the following categories: (a) extraction and 
processing of the basic fuels; (b) routine emissions of radioactivity from 
fusion reactors; (c) production and handling of radioactive wastes; (d) non-
routine releases of radioactivity, e.g., via accidents or hostile acts; (t) 
demands on nonfuel materials; (f) thermal discharges; and (g) use of nuclear 
materials for weapons. 

We will discuss these issues in the context of some contemporary pre
liminary designs for fusion reactors, recognizing that future innovations 
could make some impacts smaller than those indicated here and, of course, 
that unforeseen problems could make some impacts larger. Our basic view is 
an optimistic one — w e think fusion's inherent safety characteristics and 
freedom from long-lived radioactive "ashes" intrinsic to the process are 
enormous advantages that ingenious reactor designers will find better and 
better ways to exploit as the technology evolves. Some particularly inno
vative approaches that have already been suggested for minimizing the en
vironmental impact of fusion will be mentioned as we proceed. 

We shall limit our discussion here to fusion technologies based on mag
netic confinement; we exclude laser-pellet fusion because magnetic confine
ment is the approach with which we are most familiar, on which by far the 
larger literature is available, and which we suspect at the moment offers 
the greater hope of early success. Many of the environmental characteris
tics of the two approaches would in any case be quits similar. 



I t is not our intent here to attempt a detai led comparison of the en
vironmental character ist ics of fusion and f i s s i o n , but we w i l l use the en
vironmental impacts of f i ss ion technologies in some instances as a yardst ick 
with which the technical community has some f a m i l i a r i t y . 

2. FUELS FOR FUSION 

In p r i nc i p l e , roost of the nuclear isotopes near the lower end of the 
periodic table could combine in nuclear fusion reactions with a net release 
of energy. Indeed, such reactions in s t e l l a r in te r io rs are thought to be 
the dominant processes in the evolut ion of s tars . On the ear th , however, we 
cannot hope to reproduce such condi t ions, and the l i s t of fusion fuel candi
dates is much shorter , being confined to special isotopes of the elements at 
the bottom of the periodic t ab le , such as hydrogen and helium. Even so, 
there i s a richness of poss ib i l i t i es for fuel combinations fo r fusion power 
that is unmatched by any other energy source. 

The primary fuel fo r fusion is deuterium - heavy hydrogen. Deuterium, 
a stable isotope of hydrogen, has the second simplest nucleus in the per
iodic tab le, consist ing of one proton and one neutron bound together. Used 
as a fusion f u e l , deuterium can react with i t s e l f or with other l i g h t i so
topes. The four most, important reactions involving deuterium are l i s t ed be
low, wr i t ten in the same way as the formula for a chemical combustion reac
tion, (such as the combination of hydrogen and oxygen to form water, wi th the 
release of chemical energy). The species involved are: p, protons (the 
nuclei of ordinary hydrogen); D, deuterons; T, t r i t ons ( t r i t i u m is an un
stable, heavier isotope of hydrogen); ^He, nuclei of heii'jrn-3 (a s tab le , 
l i gh t iso ope of helium); and n, neutrons. The f i r s t two reactions l i s t ed 
are alter..ate poss ib i l i t i es fo r the D-D reaction and occur rfith roughly 
equal p robab i l i t y . The energy release from the reactions i s given in two 
ways: (a) mi l l ions of electron vol ts (MeV), the e lec t r ica l -equ iva lent energy 
imparted to the product nuc le i , and (b) thermal ki lowatt-hours per gram mass 
of the reacting nuclei (kWh/g). As a comparison, the chemical combustion 
reaction between hydrogen and oxygen that leads to water is also l i s t e d , 
w i th the same energy un i ts . 

D + D - P + T + 3.25 MeV 
(22,000 kWh/g) 

D + D -. n + 3He + 4.0 MeV 
(27,000 kwh/g) 

D + T •* n + 4He + 17.6 MeV 
(94,000 kWh/g) 

0 + 3He ->• p + 3He + 18.3 MeV 
(98,000 kWh/g) 

[2H + 0- •* H,0 + H.O + 0.000006 MeV 
& c c ' (0.0044 kWh/g)] 

These reactions, plus addit ional ones involving l i t h ium and boron iso
topes, are the bui ld ing blocks of the fuel cycles fo r future fusion reactors. 
The "last deuterium reaction l i s t e d , D-3He, is of par t i cu la r i n te res t , since 
i t s energy release is large and i t s reaction products are charged. In such 
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a case, there exists the possibility of a fusion reactor cycle involving 
direct conversion of fusion energy to electricity, potentially at very high 
efficiency. Note also that deuterium as a fuel has the unusual property 
that its "ashes" are themselves combustible (via the 0-T and 0-3He reac
tions), so that a fusion-reactor fuel cycle can be visualized in which deu
terium is burned to completion; the end products are ordinary hydrogen and 
helium plus the release of 7 HeV per deuteron burned, that is, 96,000 kWh of 
energy per gram of deuterium fuel, or about four times the energy per gram 
released in the fission of uranium. 

While there is reason to believe that the D-D-T-^He fuel cycle (here
after referred to simply as 0-D) will in time be employed, the first achieve
ment of fusion power will probably depend mainly on the use of the D-T reac
tion. This is because the D-T reaction has the lowest "ipnition temperature" 
(about 50 million degrees kinetic) of all the reactions and therefore is the 
least demanding in terms of heating and confinement. But since tritium ex
ists only in trace quantities in nature (it is radioactive, with a half-life 
of 12.3 years), it must be "bred". Although there are several ways in which 
such breeding might be accomplished, the only one that has received serious 
study involves capture of the neutron reaction product of the D-T reaction 
in a "blanket" containing lithium surrounding the chamber. This capture 
process leads to tritium generation, with a potentially generous breeding 
ratio (BR =1.1 to 2.0). Here the breeding ratio is the number of tritium 
nrclei produced per tritium nucleus consumed. The relevant reactions are: 

6Li + n H- T + 4He + 4.8 MeV 
7Li + n - T + 4He + n - 2.5 MeV. 

The overall reactions for D-T fusion are therefore effectively 

D + 6Li -* 4He + 4He + 22.4 MeV , 
(100,000 kWh per g of Li) 

0 + 7Li - 4He + 4He + n + 15.1 MeV 
(58,000 kWh pc- g of 7Li). 

How much energy one obtains in practice from each gram of natural lithium 
(7.45! 6[_i > 92.6% 7[_-j) m u s t D e determined from detailed neutronics calcula
tions in which the geometry and composition of the lithium blanket (includ
ing degree of enrichment in 6|_i) are specified. Such calculations indicate 
that a reasonable figure is 25,000 kWh per gram of natural (unenriched) Li 
at a T breeding ratio of 1 (appropriate for a steady-state fusion energy 
economy) and 13,000 kWh per gram of natural Li at a breedirg ratio of 1.25 
(appropriate for the transient when fusion-reactor capacity is growing 
rapidly) (£). 

With this background, one can btjin to investigate quantitatively the 
supplies of the main fusion fuels and the environmental impact of extracting 
them. The supply of deuterium in the oceans is about 5 x 10l" grams, which 
would yield about 5 x 1024 kWh at 96,000 kWh per gram of D in the D-D fuel 
cycle (1_). This is about 70 billion tines the 1974 world energy use, and 
some 250 billion times the 1974 world energy use for electricity generation. 
Assuming a thermal-to-electric conversion efficiency of 405;, the 1974 U.S. 



e l e c t r i c i t y demand (averaging about 200 m i l l i on e lec t r i ca l k i lowatts) could 
be supplied by D-D fusion reactors fed by a to ta l of 5 kg of deuterium per 
hour. (The corresponding f igure for coal would be about 65,000 metric tons 
per hour.) The required amount of deuterium could be produced by a small 
deuterium separation p lan t , the input to which was simply the amount of or
dinary water that would flow through a pipe a few centimeters in diameter at 
ordinary pressures. At the cost of deuterium prevai l ing in the early 1970's 
- 30 to 40 cents per gram - the contr ibut ion of the fusion fuel to the pr ice 
of e l e c t r i c i t y would be about 0.01 mil ls/kWh(e). 

Consumption of l i th ium in a fue l -cyc le re ly ing mainly on the D-T reac
t ion would be 20 to 40 kg of natural l i t h ium per hour to meet the to ta l 1974 
U.S. e l e c t r i c i t y demand. This corresponds to mining at most about 58,000 
metric tons of pegmatite ore (0.6055 L i ) per year, or processing 1,100,000 
metric tons per year of l i t h ium- r i ch brines (300 ppm L i ) from Nevada. Annual 
ore requirements fo r the d i f fe ren t fusion fuel cycles are compared with those 
of f iss ion and coal in Table I . Assumed energy contents for the table are: 
t e r res t r i a l l i t h i um, 13,000 kWh/g (BR = 1.25); oceanic l i t h i um, 25,000 kWh/g 
(by the time th is Li is needed, the system is in steady state wi th BR = 1) ; 
uranium, 13,200 kWh/g in LHFBR ( f iss ions 605! of natural U), 308 kWh/g in 
HTGR ( f iss ions 1.4%), and LWR, 154 kWh/g ( f iss ions 0.75,); coal 7.75 kWh/kg. 
At the 1970 price of l i th ium of about 2 cents per gram, i t s contr ibut ion to 
the pr ice of e l e c t r i c i t y is a t most 0.004 mil ls/kWh(e). 

Table I . Ore requirements to produce 1974 U.S. e l e c t r i c i t y 
by various processes (5_,6) [200,000 MW(e)-yr at 
assumed 40% e f f i c iency , T . e . , 500,000 MW(t)-yr]. 

Ore required, 
Process Ore (fuel ppm by weight) in m i l l i on metric tons 

D-D fusion Sea water (32 ppm D) 1.4 
D-T (L i ) fusion Pegmatite (6000 ppm L i ) 0.06 

Si lver Peak brine (300 ppm Li) 1.1 
Sea water (0.17 ppm L i ) 1000 

LMFBR f iss ion Colo, sandstone (2000 ppm U) 0.17 
Chattanooga shale (60 ppm U) 5.5 
Sea water (0.003 ppm U) 110,000 

LWR f iss ion Colo, sandstone (2000 ppm U) 14 
HTGR f i ss ion Chattanooga shale (60 ppm U) 240 
Coal- f i red steam Bituminous coal 570 

Total supplies of l i t h i u m , while smaller than those of deuterium, are 
far more than adequate to j u s t i f y development of D-T fusion as a major energy 
source. Meeting the 1974 U.S. e l e c t r i c i t y demand solely wi th D-T fusion 
would have required the consumption of about 340 metric tons of natural l i t h 
ium metal, (at 13,000 kWh/g) as f u e l ; th is is on the order of 10% of the ac
tual annual U.S. consumption of l i t h ium for non-fuel purposes in the early 
1970's, and about 15,000 times less than the known and inferred U.S. reserves 
of l i th ium in pegmatites and brines (5_). With reserves of l i t h ium so great ly 
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in excess of foreseeable needs, there has been l i t t l e incentive to search 
fo r more. I f an enormously increased level of energy use based largely on 
D-T fusion were to begin to deplete the l i th ium reserves, say, a few cen
tur ies from now, i t is l i k e l y that new t e r r e s t r i a l deposits could be found. 
Moreover, since even a 100-fold increase in l i t h ium price could be tolerated 
without serious impact on the cost of fusion energy, i t is not un l ike ly that 
the vast l i t h ium resource dissolved in sea water could be made avai lable in 
the long te rn . The s i tua t ion wi th respect to fuel supply for fus ion, f i s 
s ion, and conventional f oss i l fuels i s summarized in Table I I . 

Table I I . Some fuel resources and consumption rates 
(measured in t r i l l i o n s of GJ = 1021 J = 
0.948 x 1018 BTU = 0.95 Q) (J.). 

Energy 
( t r i l l i o n s of GJ) 

Fuel 

World oil reserves, 1974 
World ultimately recoverable gas, oil, coal 
U.S. uranium to $250/kg, used in LMFBR 
U.S. lithium reserves (13,000 to 25,000 kwh/g) 
Uranium in oceans, used in LMFBR 
Lithium supply in oceans (25,000 kWh/g) 
Deuterium supply in oceans 

Consumption rates 
World energy use in 1974 
U.S. energy used for electricity in 1974 
Total annual energy for 8 billion people 

at 6 kW/persona 
aRate corresponds to Sweden in 1973. 

Requirements of lithium for inventories in fusion reactors, as opposed 
to that actually consumed as fuel, must also be considered; this subject is 
taken up below along with the other materials requirements of fusion. 

3. FUSION REACTCR CHARACTERISTICS 

Discussion of environmental characteristics of 'he reactors themselves 
requires some knowledge of the basic arrangement of tuese devices. Figure 1 
is a schematic diagram of the heart of a fusion reactor — a cross-section of 
the core and surrounding structure, based on magnetic containment according 
to present ideas. The fuel is assumed to be a mixture of equal volumes of 
deuterium and tritium, maintained as a fully ionized plasma at a temperature 
of more than 100 million kelvin. The region between the plasma and the wall 
sf the vessel is evacuated to help insulate the plasma, and escape of the 
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Fig. 1. Cross-section of fusion reactor core. 

fuel to the walls is inhibited by a strong magnetic f ield that effectively 
applies a constraining pressure against the plasma. 

The 14-HeV neutrons produced by D-T reactions freely escape from the 
plasma and penetrate the walls to a depth of a meter or so. This inner wall 
region, known as the blanket, contains lithium. The neutrons react with the 
lithium to produce tr i t ium, which is recovered and reinjected into the 
olasma where i t is burned up as fuel. In this 0-T system, the fusion energy 
is converted to heat which generates electr ici ty in a thermal cycle, e.g. , 
conventional steam or steam/metal-vapor combined cycle. (About 85% of the 
energy is carried away by the neutrons which deposit their energy as heat in 
the blanket. The remainder occurs as energetic helium ions that join the 
plasma.) 

Fusion reactors with these general characteristics may take several 
different forms. Rather detailed engineering studies have been performed 
for reactors based on mirror confinement, on the theta-pinch concept, and on 
the Tokamak approach, and we rely on the results of these studies in what 
follows (1,3,7). 

4. ROUTINE RELEASES OF RADIOACTIVITY 

When one looks at the question of releases of radioactivity from fusion 
or fission reactors, i t is important to distinguish between low-level re-
Teases in routine operation, on the one hand, and the much larger, sudden 
releases that might be associated with an accident, natural disaster, or 
sabotage, on the other. I t is true of f ission, and almost certainly wi l l be 
true of fusion as well, that the routine releases of radioactivity can be 
held to very low levels (maximum doses to the public much smaller *-.han the 
dose from natural background) with known technology and at moderate expense. 
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The only radioactive substance that could be released during routine 
operation of a fusion power plant is t r i t i u m . The size of the t r i t i u m i n 
ventory varies s i gn i f i can t l y among d i f fe ren t designs, with most f a l l i n g in 
the range of 10 to 100 megacuries (MCi) per 2500 MW(t) reactor [1000 MW(e) 
at 40$ e f f i c i e n c y ] ! ^ ) . On the assumption that the present standard for 
l ight-water cooled f iss ion reactors (namely 5 mi l l i rem per year at the plant 
boundary) w i l l apply in the case of fusion reactors, i t w i l l be necessary to 
r e s t r i c t rout ine releases o f t r i t i u m to 1 part in 106 or 10? of the inven
tory per day. This i s t igh ter control over t r i t i u m than is exercised over 
th is isotope in contemporary f i s s i o i reactors, but the technology fo r accom
p l ish ing i t is reasonably straightforward. Approaches employed in the var
ious conceptual fusion-reactor desii.is include d i f fus ion barr iers (copper, 
aluminum, or ceramic coatings) on hot metal wa l l s , trapping in y t t r i um t r i -
t ida or cold l i th ium t r i t i d e , and surrounding t r i t i u m zones with cold metal 
wal ls (8) . 

A par t i cu la r l y useful approach for minimizing routine leakage o f t r i t i u m 
as well as the consequences of accidents is to make the f rac t ion of the t r i t 
ium inventory that is hot (say, ahove 100°C) as small as possible. One rec
ent design employing th is philosophy has a hot t r i t i u m inventory of only 15 
to 30 g (0.15 to 0.30 MCi) per 2500 MW(t), compared to a to ta l T inventory 
of about 5 kg (50 MCi) (9_). Eighty percent of th is to ta l inventory is stored 
in isolated vaults around the plant periphery. One theta-pinch reactor de
sign has a to ta l t r i t i u m inventory of only about 120 g (1.2 MCi) per 
2500 MW(t) (10.). 

5. PRODUCTION AND HANDLING OF RADIOACTIVE WASTES 

A D-T fusion reactor w i l l produce some long- l ived radioact ive isotopes, 
owing to bombardment of the reactor 's s t ructura l materials by the 14 M?V 
neutrons produced in the D-T reactions. Like the radioactive wastes from 
nuclear f i s s i o n , these isotopes w i l l have to be isolated from the biosphe.e 
for long periods of t ime. Two aspects should make fusion's waste problem 
much less troublesome than f i s s i o n ' s , however. F i r s t , the var iety and quan
t i t y of radioisotopes produced in a fusion reactor are contro l lable to a 
s ign i f i can t extent by careful engineering — that i s , by choosing the mater
ia ls for minimum neutron ac t i va t ion , consistent with other engineering re
quirements, and by designing the reactor to minimize the amount of s t ructura l 
material that, comes into contact with neutrons. In f i s s i o n , by contrast , 
most, of the radioactive wastes are f i ss ion products, not ac t ivat ion products, 
so one is stuck with inventories determined only by the power level and the 
physics of the f i ss ion process i t s e l f . Second, the long- l ived ac t iva t ion 
products one gets in fusion are mostly refractory metals. Because these ma
te r i a l s have high melting points and are embedded in a so l id matr ix , they 
are re l a t i ve l y easy to keep out. of the environment. 

The amount of rad ioac t i v i t y one must actual ly deal with can be expressed 
as curies per thermal watt of reactor capacity as a function of time a f te r 
shutdown, or as gross b io logica l hazard potent ia l (BHP), measured in cubic 
kilometers of a i r or water (also per watt) needed to d i l u te the curies pres
ent down "to the maximum permissible concentrations (MPCs) specif ied in Fed
eral regulations for public exposure. The BHP, then, is a measure incorpor
at ing both the quanti ty of any given isotope and much of what is known about 
tha t isotope's t o x i c i t y . 



Figure 2 presents a comparison of to ta l a c t i v i t i e s of conceptual Toka
mak and theta-pinch (RTPRJ reactors wi th the a c t i v i t y of the f i s s i on prod
ucts for a f i ss ion reactor (3) . In the case of the fusion reactors, the f o l 
lowing a l ternat ive s t r u c t u r a l al loys are assumed: (a) niobium (99» Nb, 1J 
Zr) and (b) vanadium (80% V, 20% T i ) . The choice of a vanadium structure 
reduces the curies per watt by about an order of magnitude. Figure 3 com
pares the re la t i ve b io log ica l hazard potent ia ls o f the rad ioac t i v i t y from 
fusion and f i ss ion reactors. For t t e s a f te r shutdown of less than 1 year, 
the niobium fusion reactors have radioact ive BHP's roughly equal to that of 
the f iss ion products, but much less than that of the pluconium fuel of a 
reference l iquid-metal fas t breeder reactor (LMFBR) (3 ) . For the vanadium 
fusion reactors, the BHP's are one to two orders o f magnitude less than for 
the f i ss ion case. At times greater than 1 year (times o f waste storage), 
the fusion BHP i s one to two orders of magnitude less than that of the f i s 
sion products in the niobium case, and is neg l ig ib le in the vanadium case. 
This property of vanadium - a low burden of long- l ived ac t iva t ion products -
makes i t an a t t rac t i ve candidate as a s t ruc tura l material fo r fusion 
reactors. 

Several novel concepts that could reduce f u r t h t r the long- l ived radio
a c t i v i t y of fusion reactors have been explored in a prel iminary way. One 
such idea is to replace the l i q u i d l i t h i um coolant/breeding-blanket of a 
conventional Tokamak reactor design wi th a blanket cooled by helium and 
breeding t r i t i u m in a so l id lithium-aluminum a l loy embedded i n a s intered 
aluminum product (SAP) structure (9_). (The SAP is 89.5 w t t aluminum metal 
with a 10.5 wK Al?03 dispersoid.) The blanket rad ioac t i v i t y of th is system 
is only a factor of three below that of the reference Tokamak design ( s ta in 
less steel structure) at shutdown, but f i ve orders of magnitude lower at 

. F i g . 2. Total induced a c t i v i t y fo r fusion and f i ss ion 
reactor plants as functions of time a f te r 
shutdown. Abbreviations: T, operating t ime; 
I w , 14-MeV neutron wal l loading. 
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Fig. 3. Relative biological hazard potentials of induced 
activities in fusion and fission reactor plants 
after shutdown. Th6 plutonium fuel is included 
in the fission case. Abbreviations are as given 
for Fig. 2. 

1 month after shutdown and four orders of magnitude lower 10 years after 
shutdown. The principal long-lived isotope produced in the SAP system is 
aluminum-26 {half-life 730,000 years). Its specific activity is so low 
(10"6 Ci aluminum-26 per gram of aluminum structure) that the structure 
could be buried and the aluminum allowed to come to equilibrium with alumi
num dissolved in groundwater, and the result would b* an aluminum-26 con
centration 10 times smaller than the MPC (9). One liability of this design 
is the requirement for relatively scarce beryllium as a neutron multiplier 
to maintain a breeding ratio above 1. 

Another concept for reducing the radioactivity burden fs the use of 
woven graphite "curtains" between *.he fusion plasma and the load-bearing 
structure and breeding blanket (1_1_). Such curtains can be used to modify 
the neutron spectrum in a way that reduces the production of long-lived ac
tivation products, while also reducing sputtering of wall material (increas
ing wall lifetime and thus reducing the total quantity of structural material 
that must be reprocessed or disposed of). One set of calculations indicated 
a redaction of a factor of 10 in radioactivity at 1 week after shutdown, 
when graphite curtains were addeu to a Tokamak design with vanadium struc
ture and lithium coolant (1_1_). This gain comes at the expense of an in
crease in very short-lived activity (Ci/W up a factor of 3 at shutdown) and 
a reduction in breeding ratio (1.29 to 1.06). 

Fusion reactions more difficult to achieve than D-T —such 2S D-D and 
D-^He —would produce somewhat fewer and less energetic neutrons. These 

-10-



•*". H i . J i .. 

reactions o f fe r long-term promise for fur ther reduction in t>"> production of 
long-l ived radioisotopes by fusion — by a factor of 2, according to one pre
l iminary analysis (J2.), but perhaps by more in a "two-component" system in 
which tne ^He is maintained at A higher temperature than the 0. 

S t i l l another approach to minimizing neutron act ivat ion is to do away 
ent i re ly wi th the so l id wall between the fusion Masma and the l i t h iu i r blan
ket. Tin's concept implies very high piasma density and short confinement 
time (pulsed systems), wherein a good vacuum surrounding the p!dcma is not 
needed. One idea in th is category is a hiqh-density Z-pinch produced in the 
center of a vortex of l iqu id l i thiuir. (JJ3). This idea is at ^ very early 
stage of development. 

6. NONROUPNE RFUASES OF WOIOACTIYITY 

One must »e concerned, in addit ion to the evaluation of rout ine conse
quents of low-level reactor emissions and waste-'nandlinq pract ices, with 
ovi'tus of low probabi l i ty but po tent ia l l y serious consequences. Such events 
include accidents owing to human error and/or mechanical malfunction internal 
to the nuclear operat ion, external ly generated accidents ( a i r c r a f t impact, 
i i i i tural d isasters) , and aggressive acts such as sabotage or acts of war. 
Fst inat ion of tne r i sk associated with such poss ib i l i t i es has two main par ts : 
(<i) t i e evaluation of the inventories of radioactive material po tent ia l l y 
• i va i i jb le for release, together witn the i r physical behavior and b io log ica l 
effects- once in the environmet.t; and (b) the analysis of accident modes in a 
w,iy that can assign probab i l i t ies to events releasing d i f fe ren t f ract ions of 
the radioactive inventor ies. 

The data snewn in Figs. 2 and 3, fo r times short ly a f te r shutdown, are 
relevant to the question cf inventor ies. One must t ry to determine, how
ever, what p-irt of these inventories is v o l a t i l e at t-mperatures that could 
lie encountered in an acci-'ent. Fn fusion reactors, the pr inc ipal vo la t i l e 
hazard is c lear ly t r i t i u m . In f i ss ion reactors, the vo la t i l e hazard is dom
inated in the f i r s t several days af ter shutdown by radioiodine, and there
af ter by other isotopes such as noble gases and such fract ions of the radio-
cesium, te l lu r ium, and other isotopes a*, may have been vo la t i l e under the 
conditions governing the release. The dHP's associated with vo la t i l e iso
topes in nominal fusion and f iss ion reartDrs at various times a f te r shutdown 
are givon in Table I I I (the f iss ion data ire from Ref. 1_4). We have assumed 
that a var iety of accidents could release in vo la t i l e form 10i of the a l ka l i 
metals present (most ser iously, cesium in the f i ss ion reactor ) . Signi f icant 
quant i t ies of radioact ive sodium ere present for fusion only in the alumi
num-blanket design, for which the v o l a t i l e t r i t i u m inventory is aDOut two 
orders of magnitude lower than that shown. The t r i t i u m invc-ntory assumed 
for the fusion reactor in Table I i l is 100 MCi per 250C KH(t) , near the high 
end of the published range of values for d i f fe ren t designs. There is reason 
to bel ieve, then, that the very substantial advantage of fusion over f i ss ion 
with respect to v o l a t i l e hazard po ten t i a l , as ref lected in Table I I I , can be 
fur ther enlarged. 

The BHP measures how much a i r Is required to d i l u te the material pres
ent to the MPC, but i t is possible to say something more about the physical 
l ike l ihood that the required d i l u t i on would actual ly take place i f a release 
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Table I I I . Biological hazard ootential (1000 km3 of air) 
represented by volatile inventories in nominal 
fusion and fission reactors [2500 MW(t)]. 
(Results rounded to 2.significant figures.) 

Time after shutdown 
0 12 hours 24 hours 7 davs 

Fusion 
T as HTO 500 500 500 500 
Na-24 a 120 69 40 0 
Fission 
1-131 580,000 560,000 530,000 320,000 
1-132 to 135 420,000 210,000 130,000 900 
Kr-85 0.3 27 31 31 
Kr-85m 140 21 3 0 
Xe-133 370 350 330 150 
Cs-134a 2800 2800 2800 2800 
Cs-1373 1100 1100 1100 1100 
aSee text. 
occurred. In this resoect, note that tritium behaves at best like hydrogen 
gas, diffusing rapidly into the atmosphere, and at worst (as HTO) like water, 
mixing ..ith atmospheric i/jter vapor and surface water and being excreted from 
the body with a physiological half-life of about 10 days. (We have assumed 
the worst case for the calculations presented here, namely that all the trit
ium is released as HTO.) Tritium is not preferentially concentrated in iod 
chains, or bound to soil. Because of the short mixing times and enormous 
dilution that result, the dose to members of the public a few months after 
even a massive tritium release is extremely small. By contrast, most of any 
fission-product cesium and iodine released in a fission-reactor accident are 
deposited over a relatively small surface area (tens to hundreds of km 2) 
downwind of the release and are concentrated and held in food chains (16). 
The long-half-life cesium is particularly tightly bound to soil, remaining 
for many years in the first few centimeters (where it not only delivers a 
direct gamma dose to humans in the vicinity but also is readily taken UD by 
plants). 

Detailed calculations of the public-health costs of the largest hypo
thetical accidents require modelling of plume behavior under various meteor
ological conditions, coupled with estimates of population density in the ex
posed area and models of the consequences of radiation doses received. A 
number of.such studies have been performed over the years for hypothetical 
fission-reac-i.- accidents, and include or imply estimates of prompt fatali
ties ranging fiom zero under favorable circumstances to 20,000 or more under 
the most adverse circumstances (J2,-20). "Prompt fatalities" are those 
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occurring in the first month or so after the ever .5 a direct result of 
acute radiation exposure. Total damages from a ma release of radioiso
topes would also include prompt nonfatal injuries, delayed incidence of can
cer, production of genetic defects, destruction of crops, and withdrawal of 
land from habitation and food production. 

As a first cut at comparing maximum hypothetical accidents in fusion 
systems to those in fission reactors, one of us has applied the basic meth
odology employed in fission-accident studies to estimate the worst-case 
prompt fatalities from the release of the entire tritium inventory of a 
2500 MW(t) fusion reactor, all as HTO (21). These resul'ts are summarized in 
Fig. 4. Under the most adverse meteorological conditions and with a tritium 
inventory of 100 MCi (reflecting no attempt at minimization of this quantity 
by design), the area over which any prompt fatalities would be expected is 
less than 1 km?. If intelligent design can hold the tritium inventory to 

1 * • •" J—1—1 1 r^' 1 111 u 
0.1 1 )o 

ftrca rereHmq doiP-*» 

Fig. 4 . Acute radiat ion doses in worst-case t r i t i u m accidents: 
ground l e v e l , short-durat ion release, a l l at HTO; no 
thermal plume r i s e ; Pasquil l F (very stable) atmosphere, 
mean wind = 2 m/s; includes skin absorption and breath
ing rate corresponding to excited oopulation. Whether 
real circumstances could generate th is event is extreme
l y doubt fu l . 

* 
The calculat ion accounts for both inhalat ion and skin absorption. I t i s 
assumed that prompt f a t a l i t i e s begin to occur in the most susceptible mem
bers of the population where the whole-body dose in the f i r s t 4 days ex
ceeds 200 rem. 
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10 '1Ci for a large plant, no off-site prompt fatalities at all are expected 
ejf.n in the worst combination of circumstances (100% release as HTO at 
ground level* no thermal plume rise, Pasquill F stability conditions, no 
evaluation prior to plume passage). Such.an accident could still be a sig
nificant event in terms of property damage and health effects other than 
prompt fatalities, but the quantitative difference in comparison with the 
t'ssion worst case is so enormous that it can be considered a qualitative 
one. 

It is not enough, of course, to ask what is inside a reactor and what 
could happen if this material escaped; one must also consider the probabili.. • 
that any substantial part of the material will get out. Now, a ma.ior earth
quake or a direct hit by a Boeing 747 are the sorts of dangerous external 
impacts that could happen to either kind of reactor, and the containment 
problems in this respect, are similar for both fission and fusion. As for 
the violence of the sequel to a damaging external event, or the chance of 
the containment being ruptured from w-'thin, much depends on how much energy 
is stnred inside and on what pathways exist for its rapid release. Table IV 
shows the stored energy in various forms in a conceptual Tokamak fusion 
reactor (liquid-lithium coolant) and in a liquid-sodiu.n-cooled fas~-breeder 
fission reactor (LMFBR). 

Table IV. Stored energy in liominal fusion and 
fission reactors [2500 MW(t)]. (GJ, 
rounded to 1 significant figum.) 

Fusion Fission (LMFBR) 

1003 100,000,000 
2 40 

60,000 10,000 
200 

aIn the plasma at any one time. 

Instantaneous release of a large fraction of the cotal nuclear energy of 
the fuel is not possible in either the fusion reactor or the LMFBR. In the 
fusion reactor, any malfunction tends to quench the reaction by loss of con
finement- Even if all the fuel could somehow react in a few seconds (a phe
nomenon for which present understanding includes no mechanism), the resulting 
energy release could be absorbed in the lithium blanket without any destruc
tive results. The case of the LMFBR is more troublesome, in that the possi
bility of a nuclear energy release too sudden and severe to be contained has 
not been convincingly excluded. The range of competent opinion about the max
imum possible cotiversion of nuclear energy to mechanical work in an LMFBR 
accident ranges from 150 MJ (2_2_), which can certainly be contained, to more 
than 2000 MJ (23), which perhaps cannot be. 

The pathway for chemical energy release is a lithium fire in the case of 
the fusion reactor, a sodium fire for the LMFBR. This mav actually be the 
"largest hazard for both systems. A form of stored energy unique to the 

Nuclear energy in fuel 
Thermal energy in fuel 
Chemical energy in coolant 
Energy in magnet 
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fusion system is the energy in the magnetic f i e l ds conf ining the fusion 
plasma. Magnets w i l l have to be designed to avoid too rapid release of th is 
energy 1n the event of a malfunction, but th i s is a r e l a t i ve l y s t ra i gh t f o r 
ward matter '_). 

Another accident pathway that must be considered is internal mel t ing, 
owing to buildup of the heat of radioact ive decay fol lowing malfunction of a 
reactor 's cooling system — the loss-of-coolant accident so widely discussed 
fo r today's l ight-water-cooled f i ss ion reactors. The energy associated wi th 
th is radioactive afterheat in the f i r s t hour a f te r the malfunction i s l i k e l y 
to be some 10 to 30 times smaller in a fusion reactor than in a f i ss ion 
reactor - and so could be handled by simple and re l i ab le (en t i re l y passive) 
measures. A more detai led look at afterheat for d i f fe ren t fusion designs is 
provided in Fig. 5 (3 ) . 

Fig. 5. Relative af terheat powers fo r fusion and f i ss ion power plants as 
functions of time a f ter shutdown. Abbreviations are as given fo r 
F ig. 2. 

7. DEMANDS FOR STRUCTURAL MATERIALS 

While the basic fusion fuels -deu te r ium and l i t h i u m - a r e abundant, 
construction of the fusion reactors themselves w i l l comoete for scarce re
sources. In t ins regard, fusion does not appear to have s ign i f i can t advan
tages over a l ternat ive technologies and may even pose problems. Examples of 
materials inventnries in a major fusion power economy are given in Table '/ 
(from Ref. 2£, where the or ig ins of some of the more exot ic requirements are 
discussed). The to ta l fusion-qenerating capacity assumed is 1 m i l l i on MW, 
which i s about 2.5 times the present U.S. capacity. A l l the materials l i s t ed 
are not needed fo r every design, and many o f the inventory f igures given are 
uncertain by large factors. In steady s ta te , the inventories shown would 
have to be replaced at rates on the order o f 2.5 to 5% per year (correspond
ing to reactor l i fe - t imes of 20 to 40 years), faster for wall materials sub
j e c t to rapid deter iorat ion under neutron bombardment. The extent to which 

-15-



Table V. Materials requirements for 10^ MW(e) 
of fusion generating capacity {24J. 

Material quantity (million metric tons) 
Element Inventory for 10 6 MW(e) 1970 U.S. reserves 1970 world reserves 

Al 0.6 
B 0.8 
Be 0.12 
C 2 
Cr 2 
Cu 2 
F 1 
Fe 10 
He 0.3 
K 0.n2 
Li 1 
tin O.Z 
Mo 0.2 
Nb 0.8 
Ni 1.5 
Pb 11 
Sn 0.2 
Ti 0.8 
1/ 0.5 
Zr 0.002 

such replacement can be supported by recycling will vary from one material to another, and should be more carefully investigated. The reserves listed in Table V for the various materials reflect for the most Dart the amount of material whose location is now known and which could be made available at or near present orices. 
As the table shows, use of fusion may imply potential Droblems of materials supply j_f the more exotic structural materials — niobium and vanadium-are relied upon, and if total electricity generation reaches levels many times today's. Consider, e.g., a 10 or 50 million MW(e) fusion economy, instead of the 1 million MW(e) assumed. No one can now say at what cost and, accordingly, with what impact on the price of fusion energy, these quantities of materials could be made available. As an alternative, though, the potential for using very abundant materials such as aluminum appears good. 

13 3000 
33 66 
0.018 0.38 
10 larqe 
-0 370 
74 310 
9 62 

8500 180,000 
1.2 1.2 
42 30,000 
6 180 
0 590 
2.5 6.5 
0.005 7.8 
0.14 24 
39 85 
0.009 6 
23 li4 
0.1 26 
0.06 25 
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I f helium supply becomes a problem, there are several p o s s i b i l i t i e s : one is 
tapping helium in the atmosphere, at some higher cost; another is using cryo
genic aluminum co i l s running a t the temperature of l i qu i d neon. 

There is also a more general materials problem associated with fusion 
or any of the other long-term, large-scale energy sources: a c i v i l i z a t i o n 
with energy avai lable in these quant i t ies is l i k e l y to qenerate very hiqh 
materials demands beyond those ar is ing from the energy technology i t s e l f ; 
the extract ion and processing of these may generate serious environmental 
stresses even i f the energy use i t s e l f does not. 

8. THERMAL DISCHARGES 

Discharges of heat to the environment occur when energy in other forms 
is converted to e l e c t r i c i t y , and also whenever and wherever the e l e c t r i c i t y 
is put to use. This s i tua t ion is of course not unique to fusion (o r , for 
that matter, e l e c t r i c i t y ) , but, in consequence of the laws of thermodynam
i cs , is character is t ic of a l l energy conversion and anpl icat ion. One can 
dist inguish two basic kinds of problems associated with these releases of 
heat: (a) the local effects at the power plant i t s e l f , in terms of aquatic 
l i f e i f the waste heat is discharged to natural bodies of water, and in terms 
of microclimate whether the heat is discharged to water or to the atmosphere; 
and (b) the regional and global c l imat ic ef fects tha t may eventually resu l t 
from large-scale a l terat ions i f the heat balance at the earth 's surface. 

Fusion's, ef fects in the f i r s t category should not be worse than those 
of foss i l - fue led and fission-power p lants , because the conversion e f f i c i e n 
cies w i l l be s imi lar - probably in the range of 35 to 45% fo r f i rs t -genera
t ion D-T systems. Advanced fusion-fuel cycles, in which a larger f rac t ion of 
the reaction energy is carr ied o f f by charged pa r t i c l es , o f fe r the hope of 
eventual d i rec t conversion to e l e c t r i c i t y at plant e f f ic ienc ies as high as 
70 or 80S (25_). This would great ly decrease the local thermal impact, which 
varies as (1 - n) /n for f ixed e lec t r i ca l output produced at e f f ic iency n. 

Tiie effects of the conversion to heat of a l l the energy used by society 
are today s t i l l res t r ic ted to urban regions, but thev could become reqional 
and even global as c i v i l i z a t i o n ' s energy flows become a more s ign i f i can t 
f rac t ion of the natural flows governing climate (2j>). Since the to ta l heat 
release (conversion losses plus heat d iss ipat ion at end-use) for f ixed elec
t r i c a l output varies as 1/n, advanced fusion systems wi th n = 0.80 would buy 
only a factor of 2 over conventional systems wi th n = 0.40. I f fusion 
should prove to be cheap enough and benign enough in i t s other environmental 
impacts, moreover, i t might encourage pa r t i cu la r l y rapid growth of energy 
consumption that w i l l hasten the day when s ign i f i can t d isrupt ion of climate 
by heat d iss ipat ion is poss'ble. 

9. MISUSE OF NUCLEAR MATERIALS 

There has been considerable concern about the possible misuse of nuclear 
mater ials, both as regards the p ro l i f e ra t i on of nuclear weaoons among na
tions and the possible the f t of nuclear materials by t e r r o r i s t s , qangsters, 
and malcontents. Ir th is respect, f i ss ion and fusion reactors are very 
d i f f e ren t . 
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With respect to fissile materials from nuclear fission fuel cycles, it 
is at least doubtful that the detection of diversion or theft (which is all 
that the Non-Proliferation Treaty and associated IAEA safeguards can accom
plish) will deter either nations or subnational groups. For countries that 
do not sign the treaty, or that subsequently decide to abrogate it openly, 
the deterrent is meaningless. Countries that breach the treaty clandestine
ly and are caught receive only international censure, a price that many na
tions have paid before in what they perceived to be their national self-
interest. Terrorists and blackmailers are unlikely to be deterred by 
detection of the loss, especially inasmuch as it is likely to follow the 
event by several months; in that case official confirmation of the theft may 
well suit their purposes. Nor will a small country or a criminal group be 
much troubled by the fact that the efficiency and predictability of bombs 
made from reactor-quality plutonium are not uo to the standards of the major 
nuclear powers. Finally, there is plutonium's potential for use as a non-
explosive, radiological terror weapon. This is much easier than making a 
bomb (and, because of tha properties of plutonium, vastly more effective than 
using tritium for the same purpose). Nonetheless, making fission bombs is 
in itself relatively straightforward, and the requisite knowledge ia wide
spread (27_). 

Since in a fusion reactor tritium would be generated, circulated, and 
burned within the fusion plant, its availability outside the plant would be 
minimal. Tritium is enormously less dangerous than Plutonium as a radiolog
ical weapon, moreover, and the construction of fusion bombs is much more dif
ficult than is the case with fission bombs. The problem of making a fusion 
bomb taxed the ingenuity and technical sophistication of a qreat industrial 
nation, France, for 8 years after she achieved a fission explosion. Evident
ly, making a fusion bomb is a formidable task, even given a fission bomb for 
a trigger. Without a fission trigger, the task is vastly more difficult. 
(Safeguard experts i.'illrich and Taylor wrote on this point in 1974: "No suc
cessful development has yet been announced, and we have no reason to believe 
it has taken place.") (27). The irrelevance for this purpose of most ap
proaches to fusion reactors need not be belabored for anyone familiar with 
controlled-fusion research. For the exceptions — and more generally — the 
following point is critical: any group or nation sophisticated enough to 
design and fabricate a workable fusion explosive, with or without a fission 
trigger, will be sophisticated enough to produce sny fusion fuels it needs 
without having a fusion reactor. No corresponding statement can be made for 
fission explosives. Their proliferation has been limited by lack of nuclear 
materials and reluctance to commit the necessary resources more than by lack 
of knowledge or technical sophistication. In short, the existence of nuclear 
fission reactors makes fission explosives accessible in principle to groups 
that otherwise would not have such access; the existence of fusion reactors 
will not give access to fusion explosives to groups that otherwise could not 
have it. 

10. CONCLUSION 
Fusion has significant potential environmental advantages over the nuc

lear fission alternative. These include a much less hazardous volatile 
radioactive inventory, less long-lived waste, less vulnerability to loss-of-
coolant accidents and other internally generated accidents, no fissionable 
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materials to steal, and the potential for less waste heat througn higher ef
ficiency. These potential advantaqes, however, are not entirely "automatic" 
- to convert them into practical reality will require an emphasis on envir
onmental characteristics throughout the process of fusion reactor design and 
engineering. To assume, on the contrary, that environmental characteristics 
will take care of themselves could easily result in reactor designs in which 
some of the principal reasons for preferring fusion in the first olace (such 
as low burden o r long-lived wastes) have been sacrificed in the pursuit of 
other engineering and economic criteria. 

In our view, the central role of environmental impact in the long-term 
energy dilemma of civilization justifies the highest priority on realizinq 
the full potential of fusion for IOW environmental disruption. Doing so will 
take time, money, and ingenuity, but it is surely worth it. 

Even so, there are deeper difficulties in the future of industrial so
ciety that we should not expect fusion to solve. First, any attempt to in
crease energy consumption without limit will run into difficulties gettinq 
rid of the heat that is produced when energy is used — this is the ultimate 
pollutant. Second, although a prosperous future requires energy, it also re
quires some other ingredients that energy by itself cannot provide: other 
raw materials, better social organization and cooperation, and much help 
from the already beleaguered processes of the biosphere. Finally, one may 
ask whether the advent of a completely clean, cheap, and unlimited energy 
source (which neither fusion nor even solar quite is), accompanied by equally 
benign materials technologies, would be entirely a blessing. If we used 
these tools to render the world into a global Los Anqeles, how many of us 
would be pieased with the result? To ask such questions is not by any means 
to suggest that controlled fusion should not be sought; it is merely to v.urn 
that the potential for misuse exists, and to suggest that there is much merit 
in thinking about these problems before the tools are actually in hand. It 
is essential, in other words, to ask not only how soon and how much energy 
will be available from new sources, but what kind of world we want to make 
with it. 
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