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BULLETIN OF THE ATOMIC SCIENTISTS, MAY 1972 

HANNES ALFVEN 

Energy and Environment 

In the fall of 1971, the Bulle
tin published a series of 28 ar
ticles under the general title, 
"The Energy Crisis." They were 
statements of diverse opinion on 
the nature of the crisis and on 
methods of resolving it. In the 
view of Hannes Alfven, the Bul
letin's "Energy Crisis" has set 
the stage for a continuing dis
cussion of the energy problem 
and the future of mank_ind. In 

Is there an energy crisis? It seems 
that the "crisis" is much exaggerated. 
At least in part, the very rapid in
crease in energy consumption is due 
to "promotional rates." A distinc
tion must be made between real needs 
and market considerations. But even 
if one cannot speak of a crisis, our 
technological culture depends to a 
large extent on an abundance of en
ergy. It is highly desirable to get 
more energy, especially for the less 
developed countries. Also, in the 
industrialized countries a certain in
crease in power supply is desirable 
to the extent that this can be achieved 
without too much insult to the en
vironment. Thus, the main real ar
gument against continuing to burn 
fossil fuel is the increased concern 
about pollution. 

The price of different kinds of 
energy is important to the consumer, 
but it is riot equally important for 
the planning of energy policy. The 
reason is that the price reflects the 
real costs only to a limited extent. 
It is mainly decided by the policy 
of governments and private com
panies. Hence, introducing the pres
ent ( or future) price of different 
fuels into a discussion of energy poli
cy easily leads to circularity in rea
soning. This is especially applica
ble to the price of fission energy, 
which is made attractive by a low 

this article, Professor Alfven 
contributes to such a discus
sion by summarizing the issues 
and suggesting a program of ac
tion. He is a member of the 
Royal Institute of Technology 
in Stockholm and Professor of 
Physics at the University of 
California, San Diego. In 1970, 
he shared the Nobel Prize in 
physics with Louis Neel of 
France. 

price. This price, however, does not 
include the development costs which 
have been charged to military funds 
in connection with the · production 
of bombs, or which will be left to 
future generations to take care of in 
dealing with radioactive wastes. 

If methods for purifying fuel and 
cleaning the exhaust of gases are suc
cessfully developed, we can meet en
ergy needs adequately with fossil 
fuels for a period long enough to 
plan and deploy a sensible world 
policy for the energy supply and for 
developing new energy sources. The 
main new energy sources which soon
er or later must take over are: fis
sion energy, fusion energy and solar 
energy. Whether geothermal energy 
is abundant enough to be of major 
importance is not quite clear. Wa
terfalls and tidal energy will not be 
very import~nt. 

Fission Energy 

The energy generation process in 
a fission reactor leads to production 
of plutonium. (In some reactors plu
tonium is burned.) In all reactors 
the quantities of plutonium are of 
the order of kilograms or more. The 
energy generation processes neces
sarily lead also to the production of 
a number of other radioactive sub
stances, among them strontium-90. 

Both plutonium and strontium-90 

are among the most poisonous sub
stances we know. Under certain con
ditions a few micrograms ( one mil
lionth of a gram or one billionth 
of a kilogram) is lethal: It produces 
cancer. The quantity of these sub
stances in one ordinary reactor is 
of the order of a billion times the 
lethal dose. Hence the acceptability 
of fission energy depends on wheth
er it is possible to keep these sub
stances under control so that human 
beings are efficiently screened from 
them. 

Unknown Processes 

In the biosphere there exist a num
ber of complicated processes which 
may enrich both plutonium and 
strontium (and other radioactive 
substances) - for example, in some 
common foodstuffs. Several of these 
processes are known, but there are 
reasons to suppose that there also 
are a great number of still unknown 
processes. Hence, plutonium, stron
tium ( and a number of other radio
active substances) must be efficient
ly separated from the whole bio
sphere. Only very small quantities 
can be allowed to leak out. They 
decay automatically but some of 
them so slowly that the radioactive 
waste must be kept isolated from 
the biosphere for hundreds or thou
stands of years. 

During the whole development of 
fission reactor technology the con
structors have been aware of the im
portance of an efficient confinement 
of radioactive substances, although 
not until recently has the extremely 
dangerous nature of these substances 
been fully clarified. An enormous 
amount of highly qualified work has 
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been devoted to insulating the poi
sonous substances. 

It is claimed by the reactor con
structors that under normal operat
ing conditions a fission reactor is 
no insult to the environment. This 
is questioned by some environmen
talists. Because of the enormous com
plexity of the problems neither side 
can prove their views definitely. 
From the discussion, one gets the 
impression that the claim of the re
actor constructor - that the reactor 
under normal operating conditions 
is not harmful - is likely to be 
correct. If we accept this view it is 
appropriate to express great admira
tion for this achievement. Nobody 
who has visited a reactor station can 
avoid being deeply impressed by the 
ingenuity and skill which are mani
fest in the safety precautions. 

The Waste Problem 

But the fission reactor represents 
only one part in a complicated series 
of operations for fission energy pro
duction. When the fuel elements are 
burnt out, they are taken out of the 
reactor, transported· to a fuel pro
cessing plant, and later transported 
back again to the reactor. The pro
cessing plant extracts the highly ra
dioactive waste, which is stored and 
finally placed in "repositories," 
where it should remain indefinitely. 
The waste consists of extremely poi
sonous radioactive substances which 
must be kept isolated from the bio
sphere until they decay after cen
turies or millennia. 

The fuel processing plants have 
not received so much attention in 
the discussion. It seems not to be 
clear to what extent they are dan
gerous; but at least for the moment 
it can be assumed that under normal 
conditions a processing plant is rea
sonably safe, or at least can be made 
safe without too much effort. 

The handling of the waste seems 
to be a highly controversial problem. 
It is theoretically possible to trans
mute the radioactive substances into 
nonradioactive - and hence inno
cent - elements by nuclear reactions. 
If this were done the waste problem 
would be solved. But such opera
tions are complicated and probably 
very expensive. If this solution is 
chosen, fission energy would lose 
the economic attractiveness which it 
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now has, at least formally. (It has 
been suggested that the waste prod
ucts should be shot out in space. 
Space would be a safe repository but 
to shoot them out is extremely ex
pensive. Moreover, if a rocket fails, 
there is a serious risk of atmosphere 
poisoning.) 

According to present plans the 
waste is to be deposited in salt mines. 
It is claimed by some that these are 
geologically so stable that there is 
no risk of leakage from the reposi
tory into the biosphere. This is ques
tioned by a number of geologists. 
There is no doubt that the salt mines 
could be considered safe for any 
normal waste products. But be
cause of the very large quantities of 
extremely poisonous substances, it 
is required that the repository should 
be absolutely free of leakage for peri
ods of hundreds or thousands of 
years. No responsible geologist can 
guarantee this, simply because the 
problem is one of which we have 
no experience. 

Key Issues 

We now approach the key issues. 
The reactor constructors claim that 
they have devoted more effort to 
safety problems than any other tech
nologists have. This is true. From 
the beginning they have paid much 
attention to safety and they have 
been remarkably clever in devising 
safety precautions. This is perhaps 
pathetic, but it is not relevant. If a 
problem is too difficult to solve, one 
cannot claim that it is solved by 
pointing to all the efforts made to 
solve it. 

The technologists claim that if 
everything works according to their 
blueprints, fission energy will be a 
safe and very attractive solution to 
the energy needs of the world. This 
may be correct. Hence, they consid
er all the objections to be due to 
"ignorance," "viciousness," or "hys
teria." This is not correct. The real 
issue is whether their blueprints will 
work in the real world and not only 
in a "technological paradise." 

Fission energy advocates say that 
in all other technologies one accepts 
certain risks, and that there is no 
way of completely eliminating all 
hazards. They claim to have taken 
all reasonable precautions to elimi
nate risks. What more can they do? 

This may very well be true, but it 
is irrelevant because we are facing 
risks the nature of which we have 
never before experienced. The con
sequences of nuclear catastrophes are 
so terrible that risks which usually 
are considered to be normal are un
acceptable in this field. 

Opponents of fission energy point 
out a number of differences between 
the real world and the "technologi
cal paradise." Fission energy is safe 
only if a number of critical devices 
work as they should, if a number of 
people in key positions follow all 
their instructions, if there is no sabo
tage, no hijacking of the transports, 
if no reactor fuel processing plant 
or repository anywhere in the world 
is situated in a region of riots or 
guerrilla activity, and no revolution 
or war - even a "conventional" one 
- takes place in these regions. The 
enormous quantities of extremely 
dangerous material must not get into 
the hands of ignorant people or des
perados. No acts of-God can be per
mitted. 

Those advocates of fission energy 
who contributed to the Bulletin's 
"Energy Crisis" issues have not given 
any reasonable answer to these objec
tions. It is difficult to see how a 
satisfactory answer could be given. 
But if it cannot, we have to conclude 
that fission energy does not represent 
an acceptable solution to the energy 
problem. It will place an unendura
ble burden on the safety and health 
of future generations. 

What has been said here applies 
both to the present-day fission reac
tors and to the projected breeders. 
In general, the breeders are much 
more dangerous, and current plans 
to develop breeders should be re
vised. 

Fusion Energy 

A problem which was not dis
cussed in the "Energy Crisis" arti
cles is the relation between the peace
ful atom and its militant twin broth
er. This is an extremely serious 
problem, even more important than 
the problems discussed here; it 
would, however, carry us too far 
to discuss it here. 

Although a fusion reactor cannot 
be constructed today, enough is 
known of the basic processes of fu
sion and plasma physics to discuss 
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the general properties of future fu
sion reactors. 

In contrast to the fission process, 
the fusion processes which release 
energy do not result in radioactive 
waste products. In principle, there
fore, fusion energy is "clean" in 
the sense that it is not necessarily 
associated with the production of 
radioactive substances. The nuclear 
processes in a fusion reactor produce 
radiations but these can easily be 
screened so that they do not reach 
the environment. 

In case of a reactor accident fu
sion reactions stop immediately by 
themselves. In the reactor there are 
radioactive. intermediate products 
which theoretically may escape, but 
as the total quantities of radioactive 
material are very small in a fusion 
reactor, compared to a fission reac
tor, the danger is much less. More
over, the radioactive products (main
ly tritium) are much less dangerous 
to the biosphere. 

Two Problems 

Due to the intense neutron radia
tion inside a fusion reactor the struc
ture of the reactor may become radio
active. But, because there is a cer
tain choice of structural material, 
the most dangerous elements can be 
avoided. 

In order to construct a fusion re
actor, two difficult problems must be 
solved: the confinement of a plasma 
and the transfer of the energy of 
swift _neutrons. The first problem 
requires a general development of 
plasma physics. Very substantial 
progress has been made in this area 
and we expect that the problem will 
be solved in the near future. The sec
ond problem is related to the han
dling of neutrons in the . breeder; 
this also is likely to be solved in the 
near future. 

What the "near future" means de
pends on how much effort is devoted 
to research and development in this 
field. If the construction of a fusion 
reactor is considered to be very ur
gent, 10 years may suffice. There 
are four different lines of approach 
which attract most interest: Toka
mak, ring configurations, mirror ma
chines with direct conversion, and 
evaporation of pellets. It is very 
likely that at least one of them will 
be successful. 

As the fuel is heavy hydrogen 
which can be obtained from ordinary 
water, there is enough raw material 
available in all countries. Thus, the 
fusion reactor would be an "almost 
clean" long-term solution of the en
ergy problem. 

Solar Energy 

Solar energy converters produce _no 
wastes. Large areas of land with 
sunny climate have to be used to col
lect solar radiation. If desert areas 
are used, the insult to the environ
ment may not be considered serious. 

Solar energy is available now, but 
at a price which is some hundred 
times the ordinary price of energy. 
There are a number of different ways 
of collecting solar energy: by mir
rors, plastic lenses, "hot-house" ar
rangements, photoelectric cells, and 
so forth. A research and develop
ment effort will certainly reduce the 
price but the attainable level is im
possible to predict at present. 

Solar energy is available preferen
tially in countries with a sunny cli
mate. The power is about one giga
watt per square kilometer during 
sunny hours. Storage of energy for 
periods with no sunshine complicates 
its use., There is also the possibility 
of using solar energy normally col
lected by and stored in the seas ("sea
thermal" energy). 

"Geothermal energy is already in 
use as a locally important energy 
source in some countries, for exam
ple, Iceland and the Soviet Union. 

Looking at the geographical dis
tribution of energy sources, we can 
summarize: 

1. Fossil fuels, uranium deposits 
and sunshine have a very uneven 
geographical distribution. 

2. Fusion energy will be available 
to all countries, but as it will require 
much sci~ntific and technological 
knowledge, the industrialized coun
tries will have an advantage. 

3. Access to energy sources is so 
important to our technology that 
the needs of all countries must be 
satisfied to a reasonable extent. 

4. The struggle for energy sources 
is a major factor in world policy. 
In order to make possible a balanced 
and peaceful development in the 
world, energy problems must be han
dled by an international body. 

Our most immediate need is to 

solve the problems of using fossil 
fuels with a minimum of environmen
tal insult. Methods of purifying fuels 
and clearing exhaust gases should re
ceive high priority. 

Clarification is necessary with re
spect to the extent - if any - to 
which fission energy is a realistic 
solution of the energy problem. New 
suggestions of how to avoid the fatal 
consequences of the use of fission 
energy should be considered. A 
strong effort should be made to de
velop fusion and solar energy. En
vironmental consequences should be 
carefully studied. 

Methods of transporting energy 
(through tankers, pipelines, electric 
transmission lines, or other means) 
should also be developed. 

One World Problem 

The energy problem should be ap
proached as one world problem: how 
to satisfy reasonable needs of all na
tions. It should not be treated as a 
series of national problems : how to 
satisfy the energy demand of our own 
nation even at the expense of other 
nations. 

The possibility of depoliticizing 
the world energy problem deserves 
special attention. An international 
institute ("world energy agency"), 
as far as possible independent of pres
sure from government and economic 
interests, is necessary. (In this con
nection the Pugwash · Movement, 
which already- has devoted much at
tention to these problems, has con
siderable responsibility.) 

3 

To build up such an institute 
would be a very important task. It 
is possible that the International 
Atomic Energy Agency (IAEA) 
could serve as a nucleus: it has done 
competent work in the field of fis
sion energy and devoted considera
ble interest to the problems of fu
sion energy. It also has had unique 
experience in handling relations with 
the governments of different coun
tries. An international institute of 
the SIPRI (Stockholm International 
Peace Research Institute) type may 
also be considered. The proposed 
institute should study the needs of 
energy in different countries, com
pare possible ways to satisfy this 
need, and plan a world energy poli
cy, in a rational and at the same time 
realistic way. 
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The SB-ton nuclear core, containing natural 
and enriched uranium, as it is lowered into a 
pressurized-water reactor. It was thought by 
AEC officials that the price of electricity 
could be held down if the breeder reactor, 
which produces fuel during operation, were 
built instead of today's reactors. 
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"THE BREEDER REACTOR: A POOR BUY" 

ENVIRONMENT, JUNE 1975 

How our money goes 

I 
I 
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AT A TIME of soaring power costs, federal energy officials are giving I 
prime attention to the development of a new nuclear power source, 
the liquid metal fast breeder reactor (LM F BR), which for the next 35 

1 years or more will not be able to produce electricity as cheaply as 
existing sources. The LM F BR produces nuclear fuel, as well as electric-
ity, and therefore would appear to have advantages over today's nu-
clear reactors, the light water reactors, which depend on an available I 
supply of uranium. A close look at the assumptions employed by the 
Atomic Energy Commission (A EC) in its cost-benefit analysis of the 
breeder program, however, shows that the benefits are illusory. When I 
more realistic assumptions are considered, it can be shown that the 
costs clearly outweigh the benefits. The sense . of urgency and crisis 
that program supporters have promoted to show that the LM F BR is I 
needed to meet future U.S. energy requirements has no foundation in 
fact. 

The economic arguments surrounding further development of the 
breeder must be considered in light of the breeder's potential hazards. 
Plutonium, the fuel for the breeder, is one of the most toxic sub
stances known. Plutonium is also the material from which nuclear 
weapons are made, and illegal nuclear weapons could be made from 
reactor fuel. In addition, there is the chance that a breeder reactor 
could explode. Overall, the LM F BR promises to be even more hazard
ous and problematic than today's reactors. 

Possible alternative sources of energy must also be considered in any 
cost-benefit analysis of the LMFBR program. Solar, geothermal, and 
fusion energy are now considered realistic possibilities. Despite the 

~ potential of these alternatives, however, of the $1.66 billion the En-
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~ ergy Research and Development Agency (ERDA) plans to spend direct-
n 
n ly on energy research and development in the coming year, over $490 
0 

u million is to be spent on the LM F BR program - more than the com
~ 
~ bined allocations for fossil fuel ($311 million), solar ($57 million), 
g geothermal ($28 million), and advanced energy research ($23 million), 

and energy conservation ($32 million). 1 

The total cost of developing the LM FB R is now estimated to be 
$10 billion, 2 and this estimate, made by proponents of the program, 
must be judged as conservative. Already, the L MF BR program has 
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THOMAS B. COCHRAN is a nuclear 
physicist; J. GUSTAVE SPETH is a 
lawyer; and ARTHUR R. TAMPLIN is 
a biophysicist. They are on the staff of 
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BY THOMAS B. COCHRAN, J. GUSTAVE SPETH, AND ARTHUR R. TAMPLIN 

experienced tremendous cost overruns. 
Two years ago, total program costs 
were put at Jess than one-half of to
day's estimate. 3 The principal test fa
cility of the program, the Fast Flux 
Test Facility (near Richland, Washing
ton) , originally planned to cost $8 7 
million , but the latest estimate is $933 
million , more than a tenfold increase.4 

Congress was told in 1973 that the 
proposed Clinch River Breeder Reactor 
Plant (to be built in Tennessee), the 
first L MF 13 R demonstration plant if 
one overlooks Fermi-I, would cost 
$700 million. (Fermi-I, the first com
mercial LM F BR plant, experienced .a 
partial core meltdown and has subse
quently been shut down .) Today the 
estimate is over $1. 7 billion. 5 There is 
no so4nd reason to believe these trends 
will not continue. 

These figures indicate that, at a min
imum, the L MF BR program mulct cost 
the American taxpayer a very substan
tial sum . Such expenditures can be jus
tified only if it can be shown that the 
LMFBR program is needed or desir
able, but such justification is lacking 
for several reasons. 

First, economic analysis of the po
tential of the LM FBR indkates that, 
contrary to AEC expectations, the new 
reactor cannot be commercially com
petitive with existing energy sources 
until after the year 20 IO . Yet the cur
rent L Iv! F BR effort is aimed at having 
ti)e new reactor developed by 1990, 
more than two decades before it could 
be economically attractive. The 
L M FBR program is thus quite prema
ture and could be delayed substantially 
witllout incurring any risks relative to 
meeting future U.S. energy needs. 

On simple economic grounds, then, 
the push to develop the L MF BR 

should be postponed. Moreover, such a 
delay would provide the time needed 

Envjronment, Vol. 17, No. 4 

to show what many experts now be
lieve to be the case that environmen
tally preferable, nonfission energy 
options can be made available in time 
to eliminate the need for the LM FBR 

altogether. Recent estimates of the 
potential contribution of solar, geo
thermal, and fusion energy together 
with energy conservatiori measures in
pkate that these sources alone can 
more than account for the energy ex
pected from the L MF u R in the year 
2020, when the reador is projected to 
have maximum impad . Indeed, they 
can account for the energy expected 
from all fission readors at that time. 

These rnnsiderations indicate that a 
major 1. MF BR effort is not needed 
now and perhaps never will be. And 
the risks of continuing the present 
drive to commercialize the L M F BR are 
great. The most serious danger is that 
the LM FBR program will proceed as 
now planned, consuming the $IO bil
lion presently estimated and plenty 
more besides, cutting deeply into en
ergy research and development funds, 
and holding back the development of 
the preferable nonfission technologies. 
Then, having spent enormous sums, the 
country will find itself with a reactor 
which must eventually be used only 
because of the great public and private 
investments in it and our failure to 
have developed appropriate alterna-

For the next 35 years or 

more the LM FBR will not 
be able to produce electric
ity as cheaply as existing 

sources. 

tives. Our error will be rnmpounded 
because any attempt to deploy the 
L MF BR widely would raise the en
ergy-versus-environment debate to an 
unprecedented intensity . 

Our rernmmendation in light of 
those rnnclusions is that ERDA take 
the opportunity it now has to break 
with the mistakes of the past. ER o A 

should postpone for a decade or so 
any push to commercialize the 
LM FB R , canceling the Clinch River 
Breeder Reador Plant, and relegating 
the overall program to a relatively 
low-priority effort. ER n A should at 
the same time accelerate the develop
ment of at tractive non fission alterna
tives such as solar , geothermal, and 
fusion power, and energy conservation . 
Much rnn be learned during the rnm
ing decade , and the delay would im
pose no penalty on the nation. If it is 
learned that the breeder can be by
passed, as seems likely, the period of 
delay would provide a substantial 
benefit. 

Hazards 

Unforrunately, as events are making us 
painfully aware, plutonium is probably 
the most dangerous substance known.6 

It is fiendishly toxic: a millionth of a 
gram has been shown rnpable of pro
ducing cancer iq experimental anima ls. 
Plutonium-2 39, the principal isotope of 
the element, has a half-life of 24,000 
years, so that its radioactivity is un
diminished within human time scales. 

Plutonium is also the substance 
fr om which nuclear weapons are made . 
An amount the size of a softball is 
enough for the production of a nuclear 
explosive capable of mass destruction . 
Scientists widely recognize that the 
design and manufacture of a crude 
atomic bomb is not a technically diffi-



6 cult task,7 a fad dramatized recently 
when a Massachusetts · Institute of 
Technology undergraduate successfully 
desigm:d a nuclear weapon for an edu
cational television program. 8 The only 
real obstacle to the building of home
made atomic bombs is the availability 
of plutonium itself, and now, first with 
the proposed use of plutonium in to
day's reactors, and even more with the 
mtroduction of the LMFBR, this final 
obstacle would be removed. In the 
"plutonium economy" envisioned by 
the A EC , the development of a pluton
ium black market and nuclear theft 
and terrorism become high probability 
events threats that have spurred nu
clear proponents to urge the creation 
of a federal security system that could 
meddle with our civil liberties on a 
vast scale.9 

In addition, the LM FBH itself is 
considered even Jess safe than today's 
light water reactors. The LM FBR core, 
where the heat is generated, is far 
more compact than the core of a light 
water reactor and instead of water, the 
LM FBR uses liquid sodium an 
opaque and highly reactive element -· 
as coolant. Partial loss of coolant, or 
"voiding," increases, rather than re
duces, the nuclear reaction in the core 
of a breeder. The LM FBR 's operation 
is extremely sensitive to fuel motion 
and Joss of coolant from the core in 
accident situations leading to the possi
bility of an explosive nuclear runaway. 
In the event of a meltdown, the breed
er's highly enriched fuel can rearrange 
itself into a more compact configura
tion with the possibility of small 
nuclear explosions of sufficient force 
to breach the reactor containment. 
There are major uncertainties in defin
ing the explosive potential of the 
breeder, which are all the more worri
some considering that the reactor will 
have several tons of plutonium in it. 1 0 

On balance, the breeder reactor is 
probably the most unrelenting and haz
ardous technology ever considered for 
widespread commercial application. A 
decision to commit this nation to the 
LM FBR may prove to be the most sig
nificant technological decision since 
the Manhattan Project - a decision 
which is literally a decision for all peo
ple and all time. 

Breeder Economics 

The stated justification for the LM FDR 
runs along the following Jines: As the 
nuclear power industry expands, the 
U.S. is slowly depleting its low-cost 
uranium reserves, with the result that 
the price of uranium is rising and is 
expected to continue to do so. The 
principal substitute for uranium is plu-

tonium, a man-made element produced 
in nuclear reactors. Since the LM FDH 
generates about twice as much pluton
ium as today's light water reactors 
(LW H s), its use would tend to expahd 
greatly the supply of nuclear fuel/per
haps SO-fold, and accordingly hold 
down its price. 

Because of the LMFBR's advantage 
as a plutonium producer, the AEC in 
the mid-l 960s made its early commer
cialization the agency's highest priority 
objective. The current program is 
geared to achieving commercial intro
duction in about twelve years, in 1987. 

How sound is the economic case for 
this early commercialization of the 
LM F BR? The most useful way to pull 
together the many variables which 
determine whether the current LM FBR 
program can be justified economically 
is to make a cost-benefit analysis. The 
A EC performed three cost-benefit anal
yses of the LM FBR program, the latest 
appearing first in the draft, and then 
with revisions, in the Proposed Final 
Environmental Impact Statement for 
the Liquid Metal Fast Breeder Reactor 
Program. Not surprisingly, constrained 
to justify its own project, the A EC 

consistently found that program bene
fits outweigh the costs. Significantly, 
the Environmental Protection Agency 
(EPA) ruled that the AEC'S draft envi
ronmental impact statement was inade
quate largely because of deficiencies in 
the A EC •s cost-benefit analysis. 

When cost-benefit methodology is 
applied to the LM FBR program, the 
results are very sensitive to the assump
tions made regarding: (I) the capital 
cost difference between the breeder 

and conventional reactors; (2) the an
ticipated supply--of uranium; (3) future 
commercial energy demand; (4) the 
rate at which conventional reactors 
penetrate the utility market; (5) the 
discount rate; ( 6) the research and de
velopment cost of the breeder pro
gram; and (7) the reactor performance 
data for the breeder. The first three of 
these are extremely important. 

The A EC succeeded in making the 
LM FB H appear economically attractive 
by making very favorable, t?ut very un
realistic, assumptions in each of these 
seven areas. 1 1 Fortunately, as a result 
of criticism by the EPA, the Natural 
Resources Defense Council (NRDC), 
and others, the A EC was forced in its 
most recent analysis to present the re
sults of a more realistic combination 
of input assumptions. 

These more realistic assumptions en
able us to reevaluate the economic 
merits of the L MF BR program using 
the A EC ·s cost-benefit methodology. 
The assumptions we have made corre
spond to those made in case 58 
(shown in Table I) of the cases tested 
by the A EC in its latest cost-benefit 
analysis. In each of the seven areas 
mentioned above, the assumptions used 
in our analysis are as follows: 

Discount Rate. A discount rate of 
10 percent per year is used. The issue 
of the appropriate discount rate has 
largely been laid to rest, as the A EC 
now uses the 10 percent per year value 
"based on the preference of the o MR 
[Office of Management and Budget) 
and other organizations and individ
uals,"12 including the EJ>A. 13 

LMFDR Research and Development 
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One operation at ttie Paducah (Kentucky) 
Gaseous Diffusion Plant where uranium is l cessed. Because uranium is a nonrenew• 

e resource, the AEC has made develop-
nt of the liquid metal fast breeder reactor 

. highest priority objective. 
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Costs .. Assuming LM F BR commercial 
introduction in 1987, $8.4 billion is 
considered the cost to completion. Dis
counted at IO percent per year this is 
equivalent to $4.7 billion in mid-1974 
dollars. These are values assumed by 
the AEC. Here we are being very gen
erous to the LMFBR for in reality the 
research and development costs of the 
LM FB R program will probably be sub
stantially· higher. As noted previously, 
the program and its major facilities are 
experiencing enormous cost overruns 
and these trends are likely to continue. 

Capital Cost Difference Between 
LMFBRS and Conventional LWRS. 
Here it is assumed that the LMFBRs 
will remain $ I 00 per kilowatt more ex
pensive than the LWRs. In reality, the 
capital cost differential will be even 
higher, but $100 per kilowatt is the 
largest differential tested by the AEC 
in its analysis. 

The A EC 's assumption is that 
LMFDRs will cost $100 per kilowatt 
more than L WR s initially, but that 
LM FDR costs will fall. As a result, by 
the year 2000 the cost differential will 
drop to zero. Thus, the central issue is 
whether it can be assumed that the 
LM FB R will experience "learning" 
(cost reductions with increasing experi
ence) particularly when it is assumed 
that LWRs will not. We believe it is 
impermissible to apply a learning curve 
to LM FBR capital costs. 

First, there is no evidence that to
day's nuclear power p!arits are on a 
learning cttrve. A learning curve is in
dicated when the cost of a product de
creases with increased production. 
Actually, the cost of commercial 
nuclear plants has been increasing at ar\ 
alarming rate, even in constant dollars. 
Bupp and Derian estimate that tht; cap
ital cost of the LWRs is increasing, 
from $ 30 per kilowatt to $5 0 per kilo
watt per year in constant (1973) 
dollars. 1 4 

Moreover, if learning effects are to 
be experienced they will be experi
enced first with light water reactors 
and high-temperature gas-cooled re
actors, a development which would 
penalize the L MF DR . Certainly, there 
is no basis for the A EC 's assumption 
that only the L MF BR will experience 
learning. In this regard, the AEC's ap
proach stands in stark contrast to the 
assumptions of independent investiga
tors. Bupp and Derian, for example, 
observe: 1 5 

'' [Be ca use of learning effects] 
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Breeders will not be competitive with 
LWRs when only ten to twenty of the 
former have been installed as opposed 
to several hundred of the latter. Conse
quently, an added cost will be incurred 
by breeders until their manufacturing 
costs have decreased enough to com
pensate for the initial L w R advantage 
due to fabrication experience. These 
learning-curve costs must be taken into 
account even if it is assumed that 
breeder capital costs will turn out to 
be below the allowable threshold for 
previous uranium oxide prices and 
other variables. In such circumstances, 
learning curve costs have to be sub
tracted from the breeder advantage in 
order to determine the real benefits of 
their introduction .... Any claim of 
definitive economic advantage from 
breeder introduction must therefore 
take account of costs due to learning 
effects which could quite easily turn 
out to be a substantial multiple of re
search and development costs." 

Finally, we find no valid basis for 
the view that improvements in the 
design and construction of selected 
LM FDR components will lead to a sub
stantial reduction in the costs of 
LM FBRs relative to other plants. On 
the contrary, experience indicates that 
complex systems such as the LM FB R 
can easily encounter subtle and unfore
seen interactions that require costly 
solutions. Primary sodium pumps for 
the Fast Flux Test Facility, for ex
ample, estimated by AEC contractors 
to cost $1 .8 million in 19 70, were esti
mated by the AEC 16 to cost $10.5 
million in 1974. During the same 
period, the cost of the intermediate 
heat exchanger for this test facility 
doubled. 1 6 As more is learned about 
these complex systems, then, the more 
apparent do the costs become. 

In summary, a constant $100 per 
kilowatt represents a conservative esti
mate of the capital cost difference be
tween the LWR and the LM FBR. 
Based on historical experience, the cap
ital cost differential will probably go 
even higher. There is no sign that it 
will level off. 

Electrical Energy Demand. Curve B, 
in Figure I , is our assumption for elec
tricity demand. Curve B represents a 
50 percent reduction from the A EC 's 
assumed electrical energy consumption 
(curve A) in the year 2020. Curve B is 
the lowest electrical energy growth 
projection tested by the A EC in its 
analysis. Our selection is based princi
pally on the forecasts of Chapman and 
his colleagues,' 7 and Searl, 8 which 
are also plotted in Figure I . 

The most important economic fac
tors influencing electrical energy de
mand are: (I) the price of electricity, 
(2) the growth of the population, 

(3) the growth of income, and (4) the 
prices of substitute fuels and appli
ances. Using these parameters, it has 
been estimated that electrical energy 
demand in 1980 will be 2.2 trillion kil
owatt-hours,19 or roughly one-third 
less than the projected demand as
sumed by us. This forecast of 2.2 
trillion kilowatt-hours in 1980 repre-

. sents an average growth rate of about 
2.5 percent compared to the AEC as
sumption of an average growth rate of 
about 7 .5 percent , over the same 
period. 

Searl's forecast of electricity growth 
is based on the direct relationship be
tween electricity consumption and the 
Gross National Product. He avoids the 
AEC 's approach of projecting total 
energy demand versus GNP and then 
making the arbitrary assumption that 
electrical energy consumption will 
grow to 50 percent of total energy by 
2000 and 65 percent by 2020. The his
torical correlation between electric 
energy use and GNP is better than the 
historical correlation between total 
energy use and GNP. 

Extrapolating Searl's work to the 
year 2000 results in an estimated elec-
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tion: Conservation, Health and Fuel Supply 
- A report to the Task Force on Conserva
tion and Fuel Supply, Technical Advisory 
Committee on Conservation of Energy, 
1973, National Power Survey, USFPC," re
vised draft; Chapman, et al., "Energy De
mand Growth, the Energy Crisis, and R&D," 
Science, 178:703-708, Nov. 17, 1972. Elec
tric Power Research Institute, "Uranium 
Resources to Meet Long Term Uranium 
Requirements," EPRI SR-5, Nov. 1974, 
p. 12. 



trical energy demand of 6.5 trillion kil
owatt-hours if GNP is assumed to grow 
at 4 percent annually, or 5 .5 trillion 
kilowatt-hours if GNP increases at 3.5 
percent. Searl's best estimate is 6.1 
trillion kilowatt-hours in 2000 and 
10.6 trilljon kilowatt-hours in 2020,20 

well below the assumption we used. 
Clearly, then, our estimate (curve B) 

is not "very low" as the AEC suggests. 
Rather, it is higher than current projec
tions based on the more important 
economic factors influencing energy 
demand. 

Rate of Penetration into Utility 
Market. Here we are forced to use the 
AEC's estimate of the fraction of the 
total electrical energy demand supplied 
by nuclear reactors because more real
istic nuclear capacity fractions were 
not considered in the AEC analysis. 
This estimate is based on AEC projec
tions made in 1972.21 A much lower 
rate of market penetration, much less 
favorable to the LM FBR, would be 
more consistent with the recently ex
perienced reactor cancellations and 
schedule delays. In fact, the AEC rec
ognizes this and states in its proposed 
final environmental impact statement 
on the LM FBR program: 22 

"This general sc'hed ule slippage sug
gests that the assumed timing of com
mercial breeder introduction should 
also be slipped, presumably into the 
early 1990s .... The range of variables 
explored in the cost-benefit analysis as 
it now appears in this Statement (for 
example, cases which assume a 50 per
cent reduction in the base case projec
tion of electrical demand in the year 
2020) appear to provide adequate in
sight into the possible effects of major 
uncertainties in the assumptions used, 
including the possibility of a few years' 
slippage in breeder introduction date." 

Here, the AEC is in agreement with 
our selection of the electrical energy 
demand (curve B in Figure I) as the 
more appropriate choice for this para
meter. 

Uranium Supply. We use curve B, in 
Figure 2, a uranium supply curve the 
A EC considered "optimistic" in its 
latest cost-benefit analysis. The A EC 's 
assumed supply curve is shown as 
curve A. We choose curve B primarily 
for two reasons: 

First, it most nearly corresponds to 
the estimate by the staff of the Energy 
Supp I y Studies Program, Electric 
Power Research Institute (EPRI).20 

The EPRI staff estimated the domestic 
uranium oxide resources in conven
tional deposits that could be recovered 
at less than $100 per pound. Its best 
estimate (13.2 million tons at less than 
$ 100 per pound) is plotted in Figure 2. 
Milton Searl, the director of the EPRI 
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Source: PFEIS, LMFBR, vol. IV, pp. 11.2-72. Searl's estimate is from Electric 
PowE!r Research Institute, "Uranium Resources to Meet Long Term Uranium Re
quirements," EPRI SR-5, Nov. 1974, p. 12. 

study, believes this best estimate is 
actually conservative because it does 
not include additional lower-grade, but 
still conventional, ores. 

We share Searl's view that his esti
mates are most likely conservative. 
There are numerous instances in which 
conservative assumptions were made in 
deriving the EPRI estimates. For ex
ample, although the eastern U.S. and 
Alaska have potential sources of urani
um, nci credit is given to these areas. 

Searl's estimate of 13.2 million tons 
plus an additional several million tons 
in lower-grade ores is to be compared 
with the estimate of only 4 million 
tons of uranium in conventional de
posits in the AEC 's "most likely" case 
( curve A) and only 6 million tons in 
the agency's "optimistic" case 
(curve B). 

The second reason we choose curve 
B is that subsequent to the preparation 
of the uranium supply and price pro
jections used in the A EC 's cost-benefit 
study, the AEC apparently has identi
fied an additional 1.2 million tons of 
domestic uranium resources in conven
tional deposits at less than $30 per 
pound.2 3 The new total is larger than 
the A EC 's base case estimate ( curve A) 
of the cumulative supply at less than 
the same $30 per pound. 

A New Timetable 

The key assumptions we have made 
correspond to those made. in case 58 
of the cases tested by the ·AEC in its 
latest cost-benefit analysis. The results 
for this case are reproduced in Table 1, 
together with additional cases which 
show the effect of varying the more 
sensitive input assumptions. The bene
fit-cost ratios for these cases arc shown 
in the last column. (A ratio of less 
than one indicates that costs outweigh 
benefits; a ratio of more than one 
means that benefits outweigh costs.) 

As seen from case 58 in Table 1, 
the discounted costs of the LM FBR 
program are ten times the discounted 
benefits. For every $10 spent on devel
opment of the LM FBR, the public will 
get back only $1 or less in lower 
energy costs. The breeder program is 
thus hardly what one would term a 
worthwhile investment. We arrive at 
this result even though our analysis 
contains a number of assumptions that 
are highly favorable to the LM FB R -
more favorable to the LM FBR than 
realities justify. 

In examining the sensitivity of our 
results to changes in some of the key 
input assumptions, we are severely con
strained because of the limited number 
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of cases tested by the A EC. Turning 
first to energy demand, it can be seen 
by comparing the results of case 55 to 
case 58 in Table I, that electrical 
energy demand would have to grow at 
the tremendous rate assumed by the 
A EC to get a breakeven benefit-cost 
ratio of one (that is, costs and benefits 
balance) . Similarly, in exammmg 
case 72, one would have to assume a 
very unrealistic uranium supply curve 
(curve C in Figure 2), before the bene
fits begin to exceed the cost. This ura
nium supply curve was termed "pessi
mistic" by the A EC even before identi
fication of the additional 1.2 million 
tons of low-cost uranium. Finally, as 
evidenced by case 52, reducing the 
capital cost differential to zero by 
2000, other assumptions remaining un
changed, still leaves the benefit-cost 
ratio less than one·. 

In sum, when more reasonable as-

TABLE 1 

sumptions based on the work of expert 
authorities outside the AEC are used, 
the LM FBR program simply cannot be 
justified economically. Only when a 
series of highly unrealistic assumptions 
are made does the analysis suggest that 
the LM FBR program will produce net 
economic benefits. 

These results indicate that the com
mercial introduction of the LM FBR 
can be delayed substantially - for two 
decades or longer - without economic 
penalty. The poor performance of the 
LM FBR in cost-benefit analysis stems 
from the fact that during much of the 
period of the analysis ( 1987 to 2020) 
the LMFBR cannot compete economi
cally with alternative sources largely 
because of its high capital costs , so 
that only a limited number of 
LM FBRs are constructed. Until the 
price of uranium rises sufficiently to 
offset the high capital costs of the 

SUMMARY OF COST-BENEFIT STUDY RESULTS DISCOUNTED AT 10 
PERCENT PER VEAR TO MID-1974 

Constraints 
imposed until 

(HTGR) 

(LMFBR) 

L _MFBR intro-
duction date 

LMFBR capital 
cost differen
tial** 

Electrical 
energy demand 
curvet 

Uranium supply 
curvett 

Comparison 
with case 

Costs in $ 
billions 

Energy 
costs 

Gross 
benefits 

R&D costs 

Net benefits 

Benefit/ 
cost ratio 

5 48 

2020 2020 

A B 

B B 

201.4 148.1 

58 

2000 
2000 

1987 

$100/ 
kw 

B 

B 

48 

147.7 

0.4 

4.7 

- 4.3 

0.08 

CASES* 
55 52 

2000 
2000 

1987 

2000 
2000 

198"/ 

$100/ $0/kw 
kw 

A 

B 

5 

196.6 

4.8 

4.7 

0.1 

1.0 

B 

B 

48 

144.2 

3.9 

4.7 

- 0.6 

0.8 

*Numbers refer to AEC identity of cases in the PFEIS. 
• *Capital cost differential after 2000. 
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2020 

$100/ 
kw 

B 
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157.3 

72 

2000 
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1987 

$100/ 
kw 

B 

C 

62 

150.6 

6.7 

4.7 

2.0 

1.4 

tLetters correspond to curves in Figure l. Curve B corresponds to "base case"; Curve A 
corresponds to AEC "base case." 
ttLetters correspond to curves in Figure 2. Curve B corresponds to our "base case"; Curve A 
corresponds to AEC "base case." 

Source: PFEIS LMFBR, Appendix IV.O. 
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Valves and pumps for the liquid metal fast 
breeder reactor being tested at the Atomics 
International Liquid Metal Engineering Center 
Facility near Los Angeles. 

LM FB R, consumer-minded utilities will 
continue to prefer today's reactors and 
other energy sources. We estimate that 
not until after the year 20 IO is it pos
sible for the LM F BR to gain a compet
itive edge over the LWRs. 

Moreover, an estimate of when the 
LM FB R becomes commercially com
petitive under case 58 assumptions is 
available from the A EC 's cost-benefit 
computer model. While this informa
tion for case 58 was not provided in 
the proposed final impact statement 
for the LM 1-'BR program, we have been 
advised by the A EC that after the con
straint on L MF BR construction 
(through the year 2000) is lifted, the 
computer model projects that no 
L MF BR s are constructed until 2019. 
This date is almost three decades be
yond the date for LM FBR commercial 
introduction proposed in the current 
program schedule. 

Similar conclusions have been 
reached by others. David Rose, profes
sor of nuclear engineering at the Massa
chusetts Institute of TechnolofY, writ
ing in Science, stated recently: 4 

"I estimate that the breeder will 
almost surely be attractive when ura
nium oxide reaches $50 a pound in 
1974 dollars. That will not happen in 
the first few decades of the twenty
first century. In the meantime, nuclear 
power is in no danger of losing out to 
other fuels, and there does not need to 
be a crash breeder program. Economic 
introduction in 2000 would be a sign 
of technological good fortune, not of 



/0 resolving an energy crisis with a time 
limit." 

In sum, the current rush lo intro
duce the breeder is hardly justified. 
Postponement would impose no pen
alty, and it would focus attention and 
effort on the promising nonfission 
alternatives to the L M F BR. 

Alternatives 

A fission-free option Lo the L MF BR 

which can provide reasonably priced, 
and potentially more environmentally 
acceptable energy, almost certainly 
exists and can be made available within 
a suitable time period. The claim that 
the L MF BR or other breeder reactor is 
in any sense necessary must be re
jected. The breeder is no more neces
sary than we make it by refraining 
from developing other technologies. 
What is proposed here is an energy 
program which should be able to pro
vide an adequate supply of fuels and 
electric power without the commercial 
utilization of breeder reactors. More
over, as will be shown, heavier reliance 
upon the various aspects of such a pro
gram would facilitate the phasing out 
of all fission reactors, leading to a 
fission-free energy economy. 

In brief outline, there are several 
major efforts, some, or all, of which 
could comprise the core of an alterna
tive energy program: 25 

■ An intensive effort lo develop the 
various forms of solar energy should be 
undertaken following the recommenda
tions of the expert panels convened 
under National Science Foundation 
auspices, An Assessment of Solar 
Energy as a National Energy Resource 
(1972) and Solar and other Energy 
Sources: Subpanel IX Report 
(1973). 26 Based on estimates which 
the authors of the first of these studies 
believed were not the highest possible, 
it was concluded in that study that its 
recommended research and develop
ment program could result by the year 
2020 in solar energy providing 35 per
cent of the nation's total building heat
ing and cooling load, 30 percent of the 
nation's gaseous fuel, IO percent of its 
liquid fuel, and - most important for 
the present argument - 20 percent of 
the electrical energy requirements. 2 7 

■ A major effort devoted to exploita
tion of geothermal resources for elec
tric generation should be launched. 
The Cornell Workshop on Energy and 
the Environment ( 1972) concluded 
that: 

". . . [ it I appears that geothermal 
energy alone is capable of meeting all 
American power requirements for sev
eral centuries if the hot dry rocks re
source proves to be practical." 2 8 

The Cornell Workship, the National 
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Science Foundation, and other groups 
have recommended that a program to 
establish the feasibility of hot rock 
geothermal energy in the next few 
years be given highest priority. (Pre
sently at the research stage, hot dry 
rock systems are made up of imperme
able rocks overlying a local heat 
source, such as a magma chamber. 
Water would be introduced into the 
system, where it would be converted 
into steam. These sources are for the 
most part very deep, beyond the abil
ity of today's drilling technology. A 
shallow hot rock system, however, is 
under study in Mon.tana.) Projections 
of the electric power available from 
geothermal resources range from 8,000 
to 400,000 megawatts (electrical) in 
the year 2000, depending on assump
tions made about the hot rock poten
tial. 2 9 The A EC' recently estimated 
that geothermal heat could supply 6 
percent of our electricity in the year 
2020,30 but it is clear that the per
centage could be much higher if hot 
rock geothermal systems are developed 
as expected. 
■ The current effort to develop fusion 
power should be expanded. Officials of 
the A EC recently stated that "a suc
cessful, vigorously supported fusion 

program would be expected to lead to 
construction of a demonstration power 
reactor that would begin operatio1_1 in 
the mid-1990s." 31 The agency antici
pated "commercial introduction of 
fusion power plants on a significant 
scale beginning in the early twenty-first 
century." 32 Thus, according to the 
A EC, the demonstration fusion power 
plant is not far behind the L M I· BR 
demonstration plant, and fusion plants 
can be available commercially for 
much of the period during which it 
was assumed the L M I· BR would be 
critically needed. The A EC's overall 
estimate is that by the year 2020 
about 8 percent of our electricity 
could come from fusion. 33 

■ 0 rga n ic wastes provide another 
source of fission-free energy. Here the 
A EC estimates that organic wastes 
could account for 5 percent of the de
mand for electricity in the year 2000, 
but only 2 percent in 2020 clue to 
more efficient practices in the solid 
wastes area. 34 

■ All of the above year 2020 percent
age contributions, for example, 20 per
cent for solar, 6 percent for geother
mal, and so on, are based on a year 
2020 energy demand that assumes a 
continuation of extremely rapid 
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A photovoltaic solar cell panel being installed' 
atop a building in McLean, Virginia. The 
breeder reactor will not be needed if alterna• 
tive sources of energy, such as solar, geo· 
thermal, and fusion energy, are developed 
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growth in electricity demand. Such 
projections can yield an electricity con
sumption in the year 2020 that is over 
fifteen times today's, a result widely 
regarded as completely unrealistic. For 
example, the electricity growth projec
tion used by the .AEC to justify the 
LM FB R program is depicted as curve 
A in Figure 1. The steepness of the 
curve staggers the imagination. Several 
studies of the future demand for elec0 

tricity (including those discussed 
earlier) have been carried out using 
more sophisticated forecasting tech
niques and taking into account the 
effects of the increasing price of elec
tricity and other market factors. These 
studies suggest that actual future de
mand will be less than one-half of that 
projected by the AEC. Moreover, as a 
supplement to market influences, it is 
apparent that Hie U.S. is moving 
towards a national energy conservation 
policy along the lines recently sug
gested by the U.S. House of Represen
tatives Committee on Science and 
Astronautics, the Council on Environ
mental Quality, the Ford Foundatron 
Energy Policy Project, and others.3 5 

These groups all suggest that U.S. 
energy growth can be roughly halved 
without serious adverse repercussions 
on the economy or on life-style. When 
both market and policy influences are 
taken into account it is reasonable, in 
fact, conservative, to assume that elec
tricity demand in the year 2020 will 
not exceed 50 percent of the AEC 's 
·astronomical projection. 

Table 2 summarizes some of the 
data presented above. It shows that it 
is not unreasonable to expect that over 
80 percent of the electricity demand 
projected by the AEC for the year 
2020 can be accounted for principally 
by a combination of solar, geothermal, 
and fusion energy together w_ith more 
accurate forecasting of energy demand. 
This percentage is larger by a substan
tial margin than the contribution ex
pected of the LM FBR by the AEC in 
2020 (50 percent) and, indeed, is 
larger than the contribution the A EC 

expected from nuclear fission generally 
(70 percent). Accordingly, an energy 
program designed to achieve these ob
jectives could wholly eliminate the 
need for the LM FB R even if it failed 
in major respects. 

Table 2 indicates that other sources, 
principally fossil fuels, could be called 
upon to provide the remaining portion 
of U.S. electricity needs in 2020. It is 
likely that our abundant supplies of 
coal will be relied on for several 
decades as a significant power plant 
fuel. Thus, quite apart from the ques
tion of whether the LM FBR is intro
duced, the development of environ
mentally responsible means of mining 
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TABLE 2 

ENERGY SOURCES FOR ELECTRICITY PRODUCTION IN THE YEAR 2020 
WITHOUT THE BREEDER 

Trillions of Percent of 
Kilowatt-Hours AEC Projection 

A E c projection for 
electrical energy demand* 27.6 100 

New energy sources 

Solar** 5.5 20 

Geothermalt 1. 7 6 

Fusiontt 2.2 8 

Organic wastes=!= 0.6 2 
---

Total 10.0 36 

Correction for market 
factors and energy 
conservation 13.8 50 

Total accounted for 23.8 86 

Remainder for other sources 
(principally fossil fuels) 3.8 14 

TOTAL 27.6 100 

*From PFEIS, LMFBR Program, vol. IV, pp. 11.1-25. 
**From NSF/NASA, Solar Energy as a National Resource, 1972, p. 3. 
PFEIS, LMFBR Program, vol. IV, pp. 11.1-19. 
tFrom PFEIS, LMFBR Program, vol. IV, pp. 11.1-20. 
ttFrom PFEIS, LMFBR Program, vol. IV, pp. 11.1-22. 
l From PFEIS, LMFBR Program, vol. IV, pp. 11.1-21. 

and utilizing coal must be an essential 
and high priority national objective. 
Such a research and development ef
fort, aimed at achieving this objective, 
has been discussed by numerous 
authors.3 6 Strict regulation of surface 
mining, more efficient and safer· tech
nologies for mining deep coal, stack 
gas cleanup, new combustion tech
nologies, and coal gasification and 
liquification would be a necessary part 
of such an effort. 

The funding needed for this alterna
tive energy strategy would be high, but 
not unacceptably· so. It is significant 
that the last of the A EC 's official pro
jections of future LM FB R expendi
tures, $8 billion to program comple
tion, exceeds a recent Federal Power 
Commission estimate of the total re
search and development costs of devel
oping all nonnuclear technologies, in
cluding coal gasification, solar (direct 
and indirect), and geothermal technolo
gies, advanced steam cycles, magneto
hydrodynamics, fossil fuel effluent 
controls, and a variety of energy stor
age system.3 7 The Federal Power Com
mission estimate of $6 billion, how
ever, does not include the cost of de
veloping fusion systems, which is ex
pected to be comparable to that of the 
LMFBR.38 

The last refuge of the breeder pro
ponent is the argument that the 
LM FB R is needed as an "insurance 
policy." The above considerations indi
cate that this is simply not the case. 

Ample insurance exists partly in pursu
ing a variety of nonconventional 
energy sources and energy conservation 
and partly in realizing the the "insur
ance" proposed by the AEC would in
sure us against a nonexistent risk - the 
risk that our electrical generating ca
pacity will actually grow as that 
agency projected. Moreover, relegating 
the LM FBR program to a low-priority 
status and foregoing any expensive 
push towards demonstration and com
mercial reactors for from one to two 
decades does not permanently elimi
nate the LM FBR option. If. within 
about a decade it becomes clear that 
possible nonfission options are not go
ing to be available, consideration can 
be given at that time to reinitiating tlie 
program. The idea that there is a pen
alty for such a postponement, is, as we 
have seen, wholly spurious. 

What Should Be Done 

Many would . prefer to bypass the 
breeder reactor and move directly into 
using solar, geothermal, and fusion 
energy and a program of energy con
servation. The real LM FBR debate, 
however, centers around whether it is 
possible to make this leap. Unfortu
nately, no one will ever know the 
answer to this question if the present 
LM FB R program is permitted to con
tinue. By swelling the bureaucratic and 
industrial forces committed to the 



IZ LM FB R, .and by draining away re
search and development funds that are 
essential to the timely development of 
the alternatives that could replace the 
reactor, the L M F BR program is its 
own self-fulfilling prophesy. 

However, there is an option to the 
present program which meets the ob
jections of both optimists and pessi
mists and therefore should command 
general support. First, delay the 
LM FBR program for one decade. We 
have seen that the program is prema
ture and that there is no penalty in 
such delay. During this period, recast 
the LMFBR effort as a low-priority 
program centered on the Fast Flux 
Text Facility and cancel current plans 
for going ahead with the eostly Clinch 
River demonstration plant. By greatly 
reducing the overall costs of the pro
gram, funds will be freed for the 
accelerated development of solar, geo
thermal, fossil fuel, fusion, and con
servation technologies, and the tre
mendous public and private invest
ments which could foreclose the 
option of ever stopping the L M F BR 

will be avoided. 
The ten-year postponement would 

also provide a period during which sev
eral types of data which bear critically 
upon the desirability of the LMFBR 
program could be gathered and· as
sessed. First, more accurate informa
tion on uranium. availability and future 
energy demand could be obtained. 
Second, during the coming decade 
knowledge regarding the potential of 
solar, geothermal, and fusion energy 
should increase dramatically with ap
propriate· funding. And, third, this 
grace period could also be used to 
answer critical health and safety q ues
tions raised by the L M F BR with far 
more certainty than now exists. 

The problems associated with the 
present reactor program strongly sug
gest that we are only perpetuating and 
compounding a bureaucratic blunder 
by pursuing the current LM FBR pro
gram. The alternative strategy sug
gested here would provide an oppor
tunity to correct that mistake - before 
it is too late. Construction is scheduled 
to commence on the Clinch River dem
onstration plant towards the end of 
this year, with the necessary approvals 
coming much sooner. Once these 
hurdles are cleared, it will be far more 
difficult to reorient this increasingly 
massive program. D 

The iitle of this article as originally 
submitted was "Bypassing the Breeder: 
A Report on Misplaced Federal Energy 
Priorities." The Publisher and Editors 
of Environment are responsible for the 

published titles and subtftles, selection 
of photographs and lead-in excerpts, 
photo captions, and preparation of 
most graphs and illustrations which 
appear in Environment articles. 
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BULLETIN OF THE ATOMIC SCIENTISTS, FEBRUARY 1974 

L. DOUGLAS DeNIKE 

RADIOACTIVE MALEVOLENCE 

"The. likely interaction of nuclear technology 
and the human predisposition to evil have been 
discussed here. It would seem that unacceptably 
great misuses of radioactivity cannot be pre
vented at acceptable cost in a world committed 
to fission energy. The conclusion generated by 
available evidence and theory is that we must 
look elsewhere for primary power sources. For 
the near future, some will disparage the clear 
indications that society is too immature to ac
commodate the nuclear presence. Others will 
hope for a "moral breakthrough," while a few 
will conspire to bring dire events down upon us." 
L. Douglas DeNike, a clinical psychologist, is vice 
president of Zero Population Growth, Los Angeles. 

The toxicity and persistence of radioactive sub
stances has radically altered the power balance be
tween large and small social units. It is now pos
sible for a few persons to force the evacuation of 
entire cities through the dispersion of plutonium 
or high level reactor waste. These materials are 
rapidly increasing in quantity and availability, 
coordinate with the growth of nuclear power. Thus 
it would seem of the highest importance to scrutin
ize the safety of the nuclear industry from human . 
maleficence. 

Ionizing radiation causes tissue damage insensi
bly, persistently and at a distance. This imbues 
it with an unsurpassed threat value for criminal 
misuse. Recent violent crimes and terrorist atroci
ties suggest very strongly that a few persons wili 
commit the most heinous deeds within their power. 
Their eventual employment of radioactive materials 
appears virtually certain. 

Many believe that the irradiation perils inherent 
in the theft, storage or dispersion of radionuclides 
would automatically deter potential troublemakers. 
The facts of physics and psychology indicate other
wise. Evildoers will learn that alpha and beta emit
ters, while deadly in the environment, require only 
lightweight shielding which would present no prob
lems of bulk to thieves. Even spent reactor fuel and 
high level waste, which emit gamma rays and re
quire massive shielding, could be seized in·pre-pack
aged and portable form aboard a transport truck. 

More simply, such a shipment could be destroyed 
by explosives detonated from a safe distance. On 
the psychological side, malefactors ignorant of ra
diation hazard, deliberately misled concerning the 
nature of their hijacking assignment, or fanatical 
for their cause could assume risks of radiation ex
posure inconceivable to an informed person. 

In any human organization, the possibility exists 
for outright criminality or the negligent failure to 
safeguard against it. In the nuclear energy indus
try, several incidents have already occurred despite 
extraordinary precautions: 

• In August 1971, an intruder penetrated past 
guard towers and fences to enter the grounds of the 
Vermont Yankee nuclear power plant at Vernon, 
Vermont. He escaped after wounding a night 
watchman. 

• In November 1971, arson caused $5 to $10 mil
lion damage at the Indian Point No. 2 plant at 
Buchanan, N.Y., just prior to its completion. A 
maintenance employee was accused of the crime. 

• In February 1973, the Atomic Energy Com
mission's former top security officer, William T. 
Riley, was sentenced to three years' probation. An 
investigation revealed that Riley had borrowed 
$239,300 from fellow AEC employees and had failed 
to repay over $170,000. He used a substantial 
portion of the money for race track gambling. 

• In March 1973, a guerrilla band took tempo
rary possession of a nuclear station in Argentina. 

• In August 1973, 21 "extremely harmful" cap
sules of iodine-131 were stolen from a hospital in 
Arcadia, California. 

A certain irreducible number of such events is 
bound to occur. As the Riley case illustrates, there 
are limits to employee testing, screening and sur
veillance. Moreover, no screening program will ob
viate the fact that during transient intervals nor
mal people do abnormal things. Persons under 
pressure may experience dark moods which prompt 
bizarre or desperate schemes. For example, if a 
virtuous but unstable employee came to believe 
that the perils of nuclear energy had to be demon
strated to the public by a dramatic occurrence, he 
might become motivated to create that occurrence. 
Disgruntlement or boredom can lead to pointless 
vandalism or lapses in security precautions, increas-
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ing the chance of accident or malfeasance. Those 
with hidden aberrations may be blackmailed into 
nefarious complicity by the threat of exposure; even 
"pure" employees may be subverted with fabricated 
evidence. Thus, the nuclear energy field will con
tinue to incur sudden unexpected losses due to the 
vagaries of human behavior. 

Vulnerable Targets 

Nuclear power plants are the most vulnerable mil
itary targets in any country that uses nuclear en
ergy. Actions against such installations would be 
consistent with belligerent aims to inflict casualties, 
deprive an enemy of electric power and deprive an 
enemy territory, thereby reducing the need for 
occupation and retarding postwar recovery. Even if 
mutually declared non-targetable by the combat
ants, nuclear power plants might be ruptured ad
ventitiously in wartime by unintentionally incapaci
tating cooling systems by bombing, say, dams. 
Hence in the next war involving a nuclear power 
nation, military actions are likely to cause major 
releases of radioactivity. Simple abandonment of 
nuclear power plants in war might lead to eventual 
catastrophic meltdowns if vital residual cooling sys
tems were no longer attended by knowledgeable 
personnel. 

Naval attacks could destroy coastal or offshore 
nuclear power stations. In this regard, the peak 
fission product inventory of a large reactor is suf
ficient to contaminate tens of thousands of cubic 
miles of water in excess of permitted AEC tolerance 
levels. · 

The greatest concentrations of long-lived radio
nuclides are stored in near-surface "tank farms" 
near fuel reprocessing plants. Conventional bomb
ing of such areas would contaminate them suffi
ciently to preclude human approach and make it 
impossible to prevent further spread of massive 
quantities of radioactivity. One motive for such 
an attack would be to enjoin the enemy from util
izing his radioactive wastes for warfare. The pres
ence of plutonium-239 in stored reprocessing wastes 
dictates that it be isolated from the environment 
for about 250,000 years. On the conservative as
sumption of one, two-year war per century in a 
given locality, plutonium-bearing wastes will re
main military targets during roughly 5,000 years of 
actual warfare. 

Political extremists might be drawn to nuclear 
sabotage, theft, terrorism and extortion. Because 
of the international character of subversive move
ments, lax nuclear precautions in a single nation 
constitute a threat to all. Even perfectly main
tained domestic safeguards do not preclude smug
gling: the southern border of the United States, 
. for example, is crossed yearly by roughly 360,000 
illegal entrants and daily by aircraft transporting 
marijuana. 

The principal methods of subversive attack on nu
clear power stations would involve incendiaries 
and explosives. Plausible approaches exist so that 

determined insurgents could destroy a nuclear pow
er plant without even entering it. For example, 
a logical target would be the cooling system, spe
cifically the intake piping which runs hundreds of 
feet outside the plant to a large body of water. 
Saboteurs could drop improvised time-delayed 
depth charges onto cooling intakes from a small 
boat. With scuba equipment, underwater demoli
tion activities could be carried out unobserved from 
the surface. Floating bombs introduced into cool
ing pipes could travel unimpeded to the screen-well 
located close to the power plant, where their de
tonation would send a shock wave through the 
plant's piping. If the attack succeeded in destroying 
all of the intake pipes or their pumps, means would 
be available to remove fission product afterheat for 
only about one day. During this interval, the AEC 
claims that adequate emergency measures could 
be taken to prevent a meltdown disaster. 

The most vulnerable radioactive target would be 
the spent-fuel pool, in which used fuel assemblies 
age for· several months prior to being shipped for 
reprocessing. 

Aerial Attack 

Assaults from the air might involve dropping in
cendiary or explosive substances from hijacked or 
rented aircraft. More desperate agents might load 
a plane with explosives and power dive into the 
plant. Attacks by berserk military aircraft are a 
remote but definite possibility, and these might be 
equipped with sophisticated munitions. 

This brings to mind the large number of citizens 
who, through military training, possess sabotage 
skills. A retired Green Beret colonel has given sec
ret testimony to the AEC that he could readily 
sabotage the San Onofre, California, nuclear power 
plant located 4,400 yards from the western White 
House at San Clemente. 

Criminal Activity 

The chief interest of criminals in nuclear power 
plants would be to gain control over radioactive 
materials, rather than to destroy the facilities. The 
private manufacture of atomic explosives is within 
the capability of many groups once they possess the 
requisite 11 pounds of plutonium-239. The serious 
implications of this fact have been discussed else
where.1 Here it suffices to point out that inferior, 
but still usable for weapons, plutonium is produced 
in nearly every nuclear reactor. It is shipped from 
reprocessing plants as nitrate solution in lots ex
ceeding 100 pounds. 

Underworld fabrication of atomic bombs is more 
difficult and less likely than the simple use of 
stolen plutonium as a contaminant. Plutonium-ox
ide dispersion could raise lung cancer hazard to 
unacceptable levels throughout an entire city. The 
possessor of metallic plutonium need only expose 
it on the roof of a tall building to release oxide 
particles into the air by pyrophoric combustion. 
One pound of the metal thus dispersed could theo-
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retically bring 110 square miles to worrisome radio
active levels, or 3 square miles to the level used by 
the AEC in determining an "extraordinary nuclear 
occurrence."2 Such deposition could necessitate 
evacuation, extremely expensive decontamination 
or the permanent use of face-mask respirators. 

Each 1,000 megawatt-electrical nuclear power 
plant annually produces over 80 million curies of 
long-lived gamma emitters. One percent of these 
could theoretically contaminate 500 square miles 
to levels that would require evacuation.3 Once 
known to possess such a deterrent, a criminal gang 
would be virtually immune from prosecution. Arm
ed with plutonium or high level waste in storage, 
organized crime might demand federal assurances 
of non-interference with their operations. Punish
ment for non-cooperation might be the loss of Wash
ington, D. C., as a habitable center. Nuclear thieves 
could demand large sums of cash, control over 
policy or special concessions from national govern
ments. One can imagine the plight of an administra
tion seeking to mediate the demands of several 
radioactive blackmailers--large or small in number, 
foreign or domestic, criminal or altruistic. 

States and cities could be threatened with radio
contamination of essential public facilities: capitol 
buildings, city halls, police stations, hospitals, wa
ter and sewage treatment plants. Simple disposal 
of radioactive material down a toilet could create 
a sanitary emergency by shutting down sewage 
treatment facilities. Attacks on workplaces would 
pose the threat of extremely costly contamination 
of equipment, manufactured goods and foodstuffs. 
Such losses would not be covered by most property 
insurance policies, which specifically exclude dam
age from nuclear radiation. 

Any location which attracts the bomber of today 
will attract the nuclear thief of tomorrow. Places 
of public assembly such as theaters, stadiums arid 
transportation terminals would be likely targets for 
nuclear terrorists, blackmailers or hoaxers. In the 
future, any wealthy, powerful or well-known per
son could receive real or crank threats from those 
who claimed possession of radioactive substances. 
Public officials subject to grudge attacks would 
feel obliged to use radiation detectors to monitor 
their homes, autos, offices and mail. Once sizable 
quantities of nuclear material had been diverted to 
the underworld, no imaginable precautions would 
prevent its widespread criminal use. 

Thieves of radionuclides could induce or coerce 
an ignorant person to subdivide them for resale. 
They could· then be purveyed anywhere in the 
world, to anyone possessed of the asking price. 
In this regard, the Nixon administration's plan to 
export nuclear power technology to 19 nations pre
sents grave risks. The foreign sale and subsequent 
diversion of nuclides potentially presents almost 
the same danger as the proliferation of nuclear 
weapons. 

The kidnapping of a nuclear scientist is no more 
difficult than the procurement of special nuclear 

materials. Even an extremely loyal employee might 
surrender top secret information were he, she or a 
family member to be abducted by ruthless crimi
nals. To preclude misleading information, criminals 
might kidnap two or more experts, whose separately 
coerced accounts could be checked for consistency. 
Of course, the· possibility of Ellsberg-type leaks or 
even voluntary collaboration of nuclear personnel 
with criminals can never be completely ruled out. 
Thus, the safety of the "atomic age" from criminal 
domination must be judged in light of the questions: 
Does security depend on secrecy? How likely is such 
secrecy to be permanently kept? 

Hoodlums, domestic subversives or foreign agents 
may attempt to incriminate innocent third parties 
for acts of nuclear violence. By deliberate fabrica
tion of clues, malefactors may hope to escape the 
blow of retaliation and divert the same onto a rival 
or suspect group. This possibility suggests special 
perils in connection with smoldering international 
conflicts. A small nation or faction might arrange 
nuclear power plant sabotage in the United States 
in such a way as to make another nation appear 
responsible. If the dispersal of several large amounts 
of radioactive materials of mysterious or misleading 
origin occurred in a short period of time, the nation 
might feel impelled to retaliate against its most 
visible enemy with a missile strike. The risks of 
error would be high, and the consequences, monu
mental. 

Psychosocial Aftermath 

One immediate evacuation-related problem, fol
lowing a large radioactive spill, would be the eva
cuees' anxiety concerning their degree of radiation 
exposure. Facilities would be required to deal with 
hypochondriacal complaints of radiation sickness 
as well as the medical injuries of actual victims. 
Some exposed women may request therapeutic abor
tions. In the wake of the emergency, other issues 
would arise. A strong public demand, impossible 
to grant, might be to shut down all nuclear plants 
at once. Real estate values close to nuclear facili
ties, especially downwind, might be severely cut. 
Massive litigation and agitation for indemnification 
could be expected. Evacuees would have to be 
maintained, relocated and reemployed. Persistent 
contamination of substantial areas would necessi
tate bypass transportation routes, new water sup
plies and sources of agricultural commodities. 

IS--

Never before have large inhabited zones sud- · 
denly become unusable without visible damage. 
The administrative problem of keeping people out 
of such areas might not be solyed completely by 
the fear of radiation. Near the periphery of these 
areas, persons might attempt to loot and transport 
materials, some of which might be contaminated. 
Vagabonds and desperadoes, relatively unimpressed 
with official warnings, might take up residence 
within interdicted zones and mount forays there
from. Thus, these fenced-off areas might pose con
tinuing headaches. 



Objections and rejoinders to the above are as 
follows: 

1. The limited value of quantitative studies. To 
some, the foregoing statements would be valued 
only as preliminary to detailed quantitative studies 
of the probability and magnitude of damage to be 
expected from each type of radioactive maleficence. 
Precision in such studies is precluded by two basic 
considerations. 

• The number, motivation and capability of nu
clear malefactors will vary with economic, social 
and geopolitical conditions as well as with the 
"state of the art" of sabotage, hijacking, etc. 

• The first instances of radioactive violence and 
their insuppressible media coverage will inspire imi
tative attempts that will make obsolete all pre
existing calculations of likelihood, as we have seen 
with aircraft hijackings. 

The truly relevant questions for security analysis 
appear to be: Is each scenario possible, in the 
United States or abroad, assuming normal pre
cautions versus adversaries undeterred by the pos
sibility of capture, irradiation or even death? If 
it is possible, can it be rendered essentially impos
sible at a sustainable cost to industry and society? 

The most promising approach to answers appears 
to be gaming analysis, in which offensive and de
fensive teams compete in simulation to probe the 
strengths and weaknesses of security systems and 
personnel. 

2. The limits of industrial safeguards. Nuclear 
power plants' security systems include a superfi
cially impressive array of physical barriers, armed 
guards, procedural plans and electronic surveillance. 
Such precautions no doubt go far toward prevent-

ing illicit acts by employees or interlopers. How
ever, sophisticated attacks by aircraft could be op
posed only by ringing each nuclear installation with 
surface to air missiles and interdicting overflight. 
In order to similarly protect cooling intakes, all 
boats and scuba divers would have to be kept at 
a safe distance. Even these expensive measures 
would not protect against military attacks. 

The adequate safeguarding of radioactive ship
ments presents even less wieldy problems. Armed 
hijackers could in principle overpower armed guards 
and immobilize the cargo by shooting truck tires 
or derailing a train. The massive bulk of lead
lined spent fuel casks would not prevent spillage 
if explosives or thermite were used. The AEC's 
latest attempt to bolster transportation safeguards 
is altogether inadequate relative to attacks of para
military strength or greater.4 

3. The false panacea of undergrounding. Under
ground emplacement of nuclear power plants un
questionably would augment their resistance to 
aerial attack and improve the containment of ra
diation following a major accident. Because of the 
shortage of top-quality geologic formations, under
grounding could approximately double construction 
costs and raise the price of nuclear electricity by 
50 percent. Moreover, it would be uneconomic for 
each power plant to have its own nearby under
ground reprocessing and fuel fabrication facilities. 
In their absence, the hazards associated with long
distance transport of spent fuel would remain. If 
several power reactors were concentrated under
ground in a single area so as to justify having their 
own reprocessing plant, such a complex would be 
a tempting target for attack with nuclear weapons. 

Cooling towers, Peach Bottom nuclear power plant in Pennsylvania. 
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A major percentage of electrical power might thus 
be lost in a single strike. 

It is doubtful whether undergrounding, at what
ever practicable depth, could positively exclude 
malefactors or prevent the atmospheric release of 
nuclides following attack or major accident. An 
underground nuclear power station would have to 
maintain several connections with the surface. In
truders still might enter, and the volatile 20 per
cent of fission products still might leave following 
rupture through elevator shafts, stairwells, air con
ditioning ducts and sizable freight entrances that 
are big enough to accommodate spent fuel casks. 

The wartime advantage of undergrounding fades 
with the recognition that nuclear explosives could 
destroy even a greatly hardened site. A direct 
atom bomb hit on a surface nuclear power plant 
would actually result in less onsite contamination, 
since most of the material would be carried up to 
the stratosphere by the rising fireball. Once rup
tured, any nuclear power plant would be eventually 
infiltrated by groundwater; .whose percolation would 
carry radiation into the large body of water that 
supplied the plant's cooling. 

4. The unjustified reliance on human scruples. 
Conscience might prevent all but one in a million 
persons from committing radioactive atrocities. 
That would still leave 3,800 people in the world who 
could endanger most of the others. However, cir
cumstances enable normal human beings to ration
alize vicious deeds. An attacker either subjectively 
dehumanizes his victims, invokes the right of ven
geance or justifies his behavior as part of a larger 
noble cause, such as "ending the war."5 

5. The false hope of prevention through social 
science. It has been suggested that physical or psy
chological profiles might be constructed to identify 
potential nuclear criminals. Such profiles have been 
of some value in screening possible airline hijack- . 
ers at the ticket counter or boarding gate. How
ever, ·future atomic felons do not so cooperatively 
present themselves for advance scrutiny. Thus, any 
screening instrument would have to sift, at great 
expense, major segments of the population. Prob
ably even a very large net would not catch all the 
fish. The validation of the screening procedure 
would be a major undertaking in itself. In a free 
society, no prior restraint could be placed on those 
identified in the screening as high risks. 

6. So far, so good. Reliance on a good past rec
ord ignores the automatic multiplication of mal
feasance opportunities as the nuclear industry pro
liferates. Moreover, new technological innovations 
may pierce formerly impenetrable barriers. The 
remote-controlled drone airplane, which could put 
a crude guided-missile capability in criminal hands, 
is an example. 

7. The false hope of insurance. As AEC esti
mates of possible damage in a radioactive release 
have risen to $17 billion, utilities' totaUiability for 
a single nuclear power plant disaster is limited by 
the Price-Anderson Act to less than $600 million. 

It 
Private insurance against radio-contamination is 
largely nonexistent, and the present annual limit 
of Small Business Administration disaster loans 
is $4.3 billion. 

8. The fallacy of comparative risk. American 
society accepts the 57,000 fatalities and 2 million 
disablements that annually result from U.S. high
way travel. · Are radioactive disasters acceptable 
by comparison? Auto accidents are not subject to 
sudden orders-of-magnitude increases; casualties 
from radiation are. 

No other risk presents the prospect of long-term 
incapacitation of sizable inhabited land areas and 
watersheds, injecting an element of uncertainty into 
all planning for land use. 

No other hazard poses a distinct threat to the 
health and genetic integrity of future generations. 

No other hazard, save that generated by the in
ternational nuclear industry, quietly undermines 
our entire system of national defense by making the 
United States vulnerable to anonymous attack 
from within. 

Since 350,000 Americans die annually from can
cers, perhaps additional cases of radiation-induced 
cancer would be inconsequential on a percentage 
basis. However, since one out of four U.S. citizens 
is presently destined to contract cancer, we should 
not be eager to add unpredictably large doses of 
carcinogens to our environment. 

Another comparative-risk argument invokes the 
threat to industrial civilization in the absence of 
an inexhaustible energy source, presumably pro
vided only by nuclear fission. Granted that a long
term power source is indispensable, potentially in
finite energy may be obtained yet from the varied 
effects of the solar beam, the Earth's heat, and 
the fusion of light atoms. 

NOTES 

1. Ralph E. Lapp, "The Ultimate Blackmail," New 
York Times Magazine, Feb. 4, 1973; Robert B. Leachman 
and Phillip Althoff, eds., Preventing Nuclear Theft: Guide
lines for Industry and Government (New York: Praeger, 
1971). 

2. This level for transuranic alpha emissions is 0.35 
microcuries per square meter, as given in USAEC Rules 
& Regulations Section 140.84, Nov. 28, 1970. 

3. Gamma deposition of 1,400 curies per square mile 
would deliver a first-year dosage of about 50 rem. This 
is ten times the annual maximum permitted to atomic 
workers in restricted areas. 

4. U.S. Atomic Energy Commission, Nuclear Fuel Cycle 
Division, "Fuel Cycle Safeguards," Nov. 6, 1973. 

The minimum number of armed guards that must ac
company shipments of special nuclear material (SNM) 
in a railroad car or separate vehicle remains at two. The 
still-required prominent identification numbers on top of 
the vehicle enable easy identification by searchers and 
also enable easy identification and pursuit by aerial at
tackers. 

The general theme of the transportation rules is to 
withstand small assaults with pistols but not to withstand, 
let alone repel, significant armed attacks. A single armed 
guard monitors transfers of SNM. 

5. R. Nevitt Sanford and Craig Comstock, eds., Sanctions 
for Evil (San Francisco: Jossey-Bass, 1971). 
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The Despairing Optimist , , , , , , t , , , , 

RENE DUBOS 

The public's response to the so-called en
ergy crisis has shown once more that we 
have slipped into the habit of regarding 
most social problems as being chiefly tech
nical in character. We discuss ad nauseam 
the comparative efficiencies, dependabilities, 
and costs of the methods used for the pro
duction and consumption of energy, but we 
hardly give a thought to the ways of life 
that will be served by the energy thus 
produced. 

In his 1973 message to Congress on "Pro
ject Independence," for example, President 
Nixon outlined a program for making the 
United States self-sufficient by 1985 with 
regard to energy production. He took it for 
granted that energy consumption would 
continue to ir.:crease at the dizzy :rate of the 
past two decades and he did not even <iis
cuss whether or not all the energy produc
tion that was being planned would really 
be needed. Shortly after the publication of_ 
the presidential message, the National 
Academy of Engineering issued a report en
titled "U.S. Energy Prospects: An Engi
neering Viewpoint." In it, the authors 
emphasized the enormous technical difficul
ties that stand in the way of achieving self
sufficiency by 1985, thus disagreeing to 
some extent with the technical views ex
pressed in the president's message. Li~e 
him, however, they assumed that rap1d 
growth in energy consumption should. be 
maintained, as if there were no question 

0 RENE DUBOS's most recent book is Beast 
or A11gel1 Chr>ices That Mt1lce Us Hu.man. 

that this is essential to public welfare and 
to national prestige. 

The widespread belief that the produc
tion of as much energy as possible can be 
identified with progress seems to be justified 
by history since, in a general way, energy 
consumption per capita has increased with 
each new type of civilization. The Western 
world in particular has long been com
mitted to the theory that any form of tech
nical progress-vaguely defined as forward 
change-is desirable because it will auto
matically bring about an improvement in 
the human condition. Unquestionably, 
this kind of technical progress has so far 
always required greater expenditures of en
ergy, and in consequence, the modern 
wor!d has come to accept as --self-evident 
the ~elief that the shortest way to better 
life is through more energy. 

The view that the economic growth re
sulting from advanced technology would 
bring with it qualitative changes desirable 
for mankind was implicit in the Industrial 
Revolution; it was also the basis of the 

. 1933 Chicago World's ., Fair, which· was 
focused on the contributions of scientific 
technology to economic development. The 
social philosophy of the time was explicitly 
stated as follows in the guidebook of the 
fair: "Science discovers, industry applies, 
and man adapts himself to, or is molded 
by, :new things .... Individuals, groups, 
entire ra-ces of men, fall into step with ... 
science and industry" [italics mine]. The 
extent to which this social philosophy has 
i~r:l1J.enced ted.mo!ogic civiliz~tion. is re-
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fleeted in the many articles and books that 
were published during the 1950s and 1960s 
to forecast what the world would be like 
in the year 2000. Emphasis was then placed 
entirely on far-out technologies, irrespec
tive of their relevance to human needs. It 
was commonly assumed that all technologi
cal developments eventually find a place 
in human life, and that as 2 result we 
were about to enter a technologic utopia. 

One of the subtitles in the guidebook to 
the Chicago Fair was even more explicit. 
It read "Science finds, industry applies, 
man conforms." The very etymology of the 
word conform implies that human beings 
would be molded by technological forces, 
whether they desire it or not. In my judg
ment, it is precisely on this point that a 
great change is now taking place in the 
public mind and may. be eventually re
flected in attitudes concerning the produc
tion of energy. Most people-and especially 
those of the younger generation-no longer 
accept that their fate is to be determined 
by industrial forces. And it is for this rea
son that technological development will in
creasingly have to take second place to im
provement in the quality of life. 

The most valuable contribution of the 
past two decades to the welfare of man
kind may well tum out to be the dawnfag 
in the mind of the general public, as weH 
as o! scientists and technologists, that real. 
progress should not mean just moving for
ward on whatever roads are opened by 
technology, but rather aiming for goals 
defined by human values. When the crite
rion of change is the real improvement of 
life, the technological aspects of the energy 
problem are seen in a different light. 

The rejection of the view that human
kind must fall in step with purely tech
nological progress and conform to the crea
tions of industry is reflected in the contents 
and tone of the report of the Energy Policy 
Project, which was recently sponsored by 
the Ford Foundat.1on. The title of the re
port, "E.xplo::-ing ~nergy Choices," is of crn
dn1 5mportance because it co:weys the 
necessity o! r.:onsir.::ering :not o~ly t~1e tech
nkal aspect!I of ene:irgy p!odt.,ction 2.n.c con-

sumption, but also the uses of energy {or 
the sake of human welfare. Instead of as
suming that rapid growth in energy con
sumption is a sine qua non of progress
as was <lone in the president's message and 
in the Academy of Engineering's report
the authors of "Exploring Energy Choices" 
discuss at length various possible styles of 
life and derive frorp them objectives for 
energy policy based on the needs for each 
style, rather than simply deriving these ob
jectives from extrapolations of present 
growth rates. In other words, instead of tak
ing the maximization of energy supply as 
the only possible objective, they discuss 
other alternatives based not on technologic 
or economic feasibility but on human 
desirability. 

In a subsequent column of the ScHOLAR 
I shall state my personal· views concerning 
the role played by the use of energy in hu
man life, and especially concerning the 
limitations of this role. But now I shall 
focus my remarks on certain problems of 
energy production, especially those asso
ciated with the development of the so-called 
"fast breeder reactor nuclear plants." This 
nuclear technology has been singled out for 
emphasis in the president's message, as well 
as in the reports recently issued by the 
Academy oz z~.gineerbg a~d the 7:-'orC: 
.... d . b • . "d • Jtou;1, a:1cn, ecat:se tnere :.s a ,v1 esprean 
belief that it win constitute the most im
portant new source of energy in the forth
coming decades. ' 

I must acknowledge at the outset my 
complete ignorance concerning all theoreti
cal and practical aspects of nuclear science 
and technology, a fact that would seem to 
disqualify me from expressing opinions 
about nuclear policies. Fifteen years ago, in 
her book The Human Condition, Hannah 
Arendt· expressed her view that truths of 
the modern scientific world view !10 longer 
lend themselves to normal expression in 
speech and thought. Consequently they can
not enter into the political market and 
cannot se::-ve as a basis for public decision 
making. In matters of science and tech
nology, accordi~g to her, h:.ymcn cannot 
;possEbly ~ake sense ~o each other :md to 
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themscives and are therefore compelled to 
accept the judgments and decisions of ex
perts. 

In my opinion, Hannah Aremlt's pes
simism is unjustified, because all tech
nological decisions involve not only spe
cialized technical knowledge but also, and 
perhaps even more importantly, human 
values and social judgments. In certain 
cases, indeed, laymen may have an advan
tage over scientists in technical decisions 
because their overall view of human prob
lems is not distorted by the parochialism 
that commonly results from professional 
specialization. As Edmund Burke wrote in 
Reflections on the Revolution in France: 

When men arc too much confined to profes
sional and faculty habits and as it · were in
veterate in the recurrent employment of that 
narrow circle, they are rather disabled than 
qualified for whatever depends on the knowl
edge of mankind, on experience in mixed 
affairs, on a comprehensive, connected view of 
the various complicated, external, and internal 
interests, which go to the formation of that 
multifarious thing called a state. 

Despite my ignorance of nuclear physics, 
I feel justified in expressing opinions about 
!he breeder problem to the extent that I 
base these opinions on scientific · facts ac
cepted by all experts in the field and on 
other facts that do not require specialized 
scientific kpowleclge. 

There is no doubt that in the normal 
course of their operations fast breeder re
actors can produce ("breed," as the expres
sion goes) more nuclear fuel than they 
consume. The rapid development of breeder 
technology would therefore have the obvi
ous and enormous advantage of greatly 
postponing or perhaps eliminating com
pletely any danger of depletion of the 
natural uranium stores on which the pre
sent nuclear technology is based. Further
more, the practical knowledge of breeder 
technology is so advanced that three proto
type fast-reactor power plants have been 
started in Europe during the past two 
years: the Soviet BN-350 at Shevchenko, 
in November 1972, the French Phenix at 

l\farcoule in August 1973, and the British 
PFR at Dounreay in March 197,1. Why then 
should there be any question concerning 
the wisdom of pushing the breeder pro
gram as fast as possible in the United 
States? 

Opposition to the breeder program is 
based in part on the fact that there have 
been accidents, whose causes are poorly 
understood, and that economic feasibility 
has not yet been demonstrated. But experi
ence shows that technological and economic 
problems of this nature can usually be 
solved. However, there are grave problems 
of another nature that transcend technolog
ical and economic solutions, because they 
originate in human nature. 

Everyone agrees that the operation of 
the breeder reactors inevitably entails as 
a side effect the production of enormous 
amounts of plutonium. This creates dan
gers without precedent in the history of 
mankind-for the three following reasons: 
Plutonium is fantastically dangerous to hu
man health even in minuscule amounts; it 
retains its activity for immense periods of 
time (its so-called half-life is approximately 
25,000 years); it can be used by fairly sim
ple techniques for the manufacture of nu
clear weapons. 

Safeguarding plutonium by the ton, not 
only while inside the reactor, but also while 
in transit and in storage, constitutes there
fore an absolute must if breeder technology 
is to become widespread and a practical 
component of any energy program. Un
fortunately, foolproof techniques for the 
safe management of huge amounts of plu
tonium and other dangerous radioactive 
wastes have not yet been developed, and 
none are in sight. _It would be pointless to 
enumerate here all the suggestions that 
have been made for dealing with this prob
lem but it seems worthwhile to emphasize 
that all of them present difficulties that 
depend on purely human factors for which 
no technological know-how can provide 
solutions. 

Since plutonium is immensely dangerous 
and can remain so for many hundreds of 
centuries, it must be stored in such ::i. way 
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that it cannot accidentally come in con
tact with human beings or other livii1g 
forms, and in such a way also that there is 
no possibility of its being stolen for malev
olent purposes. The magnitude of the 
problem is revealed by the esoteric nature 
of some of the tentative "solutions" that 
have been suggested by experts-for ex
am pie, that we get rid of radioactive wastes 
by shooting them off in rockets to the sun, 
or that they be buried in Antarctica where 
their heat would melt the ice and thus 
cause them to sink until they hit bottom. 
I1_1 theory a more workable solution might 
be to bury the radioactive material deep 
underground in certain geological forma
tiuns-for example in salt mines or by 
depositing them in enormous artificial 
structures built to last for millennia as were 
the pyramids. But then, if such techniques 
of storage are to be really safe, the mines 
or pyramids must be protected forever 
against theft, sabotage, or simply acts of 
madnes~. 

The recent threat by a hijacker that he 
would crash his plane on the Oak Ridge 
National Laboratory for Nuclear Research 
provides a dramatic illustration of the 
paratechnological dangers inherent in the 
nuclear ·programs. But this kind of drama 
is not necessary for a recognition of the 
gravity of the problem. A former Navy 
demolition officer, now a professor at Johns 
Hopkins Univ~rsity, recently stated that a 
few men trained as Green Berets, in under
water demolition, or in marine reconnais
sance could "sabotage virtually any nuclear 
reactor in the country .... there is no 
way to stop such activity other than to 
maintain a system of surveillance more 
strict than that maintained during the last 
world war." 

In view of these facts, it has been su·g
gcstcd that the further development of 
n'uclear energy, and of the breeder tech
nology in particular, should be accom
panied by the creation of a "nuclear priest
hood" dedicated to the safekeeping of 
radioactive materials-just as in the distant 
past the Egyptia::1 pries~?.lood was res?on
sihlc !or the prot'.!ction o! the pyrami<!s and 

just as public servants have watched m•er 
the dikes of Holland for several genera
tions. But history provides liule reason for 
con:idence in the longevity and effective
ness of such social institutions. Robbers 
eventually penetrated the pyramids and 
the Dutch dike system was badly damaged 
by the retreating Germans at the end of the 
Second World War. Political turbulence 
is a ·more lasting reality than is any form 
of pyramid or priesthood-whether of a 
religious or civilian character. 

Thus, while the scientific and economic 
aspects of the breeder technology naturally 
involve problems that only experts can un
derstand, the decision to accept or reject 
the technology involves human considera
tions for which the experts have no su
periority over laymen. In my opinion, the 
awareness of this fact is likely to become 
the most important force in the future of 
technological civilization, and this will he 
to the good. Half a century ago, society had. 
accepted almost without question that, in 
the words of the guidebook to the Chicago 
World's Fair, "entire races of men fall 
into step with ... science and industry." 
Today, citizens are beginning to demand 
that human desirability be given as much 
emphasis as scientific feasibility in tech
nological assessment. This new social at
mosphere has encouraged policy makers in 
the field of energy, including those directly 
involved in the development of the breeder 
technology, to formulate questions that 
were foreign to their professional discourse 
only a decade a:go. 

How much energy do we really need? 
Instead of focusing scientific and tech
nological research only on the production 
of energy, should we not direct research 
also to more sensible and efficient uses of 
energy? Even if breeder reactors can be 
made economically profitable, are not their 
long-range dangers an unfair legacy to 
future generations? Is it not probable that 
the present massive commitment to the 
breeder technology will lead to the neglect 
of other sources of energy which are more 
desir2b:e ,me: safer, s•Jch as those :h~.t co,J:<l 
be derive(! fro!n the wam! a:!1.o especfaHy 
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from the sun? The inescapable answer to 
these questions is that the breeder reactor 
is only one of several possible alternative 
sources of energy and that many questions 
concerning its merits and pitfalls have not 
yet been sufficiently examined. As a re
sult, many scientists and thoughtful 'citi
zens now entertain well-justified doubts 
about the wisdom of our present crash 
program lo develop the breeder-a. policy 
which resembles more and more an extraor
dinary plunge into the unknown. 

I shall conclude these rambling and 
amateurish remarks with statements made 

hy two illustrious nuclear physicists who 
have been among the most effective archi
tects of the breecler reactor _program. Ac
cortli ng to Edward Teller, the breeder re
actors are potentially so dangerous that 
they do not belong on the surface of the 
earth; they should be built deep under
ground. According to Alvin \Veinberg, the 
breeder program is the "Faustian bargain" 
of our age. It might be added that this 
bargain has been made on behalf of hun
dreds of future generations, committing 
them to an unprecedented responsibility 
without their knowledge or consent. 
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ENERGY NEEDS AND NUCLEAR FISSION 

Power from nuclear fission has been widely regarded 
as the chief future source of energy. The progressive 
depletion of the world's supply of oil, and still more of 
natural gas, is now in sight; and the continued utili
zation of coal on a large scale presents formidable 
technical and ecological problems. These issues have 
been sharpened by the partial cut-off of oil supplies to 
Europe and the United States from the Arab countries 
in October and November 1973. Voices urging a rapid 
development of nuclear fission power are becoming 
more numerous and urgent. At the same time, those 
who are primarily concerned with human health, and 
with the protection of the environment from contami
nation, are increasingly alarmed by the hazards of 
pollution from nuclear fission. The conflict has become 
particularly acute in the United States, where the 
per caput consumption of energy is far higher than 
anywhere else in the world, but similar issues are 
bound to arise soon in other countries. 

People who stress the need for a vast programme of 
nuclear fission-plants, for example in the United States, 
point out that the consumption of electric power in 
that country has been doubling every decade for the 
last 30 years. They forecast a continued doubling in 
each of the two coming decades, regard this increase 
of power consumption as an essentially irresistible 
trend, and claim that nuclear fission is the only 
agency capable of meeting the need. Their opponents 
claim that the hazards of large-scale nuclear fission 
operations are intolerable, that there are other forms 
of energy production-solar energy, geothermal 
energy, and quite likely nuclear fusion-that could be 
developed to supply needed energy with far less pollu
tion than nuclear fission would involve. They also 
point out that the people of the United States use 
energy with great extravagance, and that the use of 
energy can be substantially reduced, in many ways, 
without the sacrifice of vital needs. 

21 

I belong to the latter school. I shall argue here the 
case against building more nuclear fission-plants, and 
in favour of energy conservation and the development 
of alternative sources of energy. I shall try to make no 
claims that are not justified by known facts; but the 
reader should be aware, from the beginning, of my 
point of view. 

Eminent scientists are to be found on both sides of 
this controversy. Thus Glenn Seaborg (as indicated 
by his statements while he was Chairman of the U.S. 
Atomic Energy Commission) favours the building of 
nuclear fission power-plants as a major source of 
energy; Hannes Alfven (1972) opposes it. Ordinary 
citizens ask how it is possible for supposedly objective 
scientists to draw opposite conclusions from the same 
set of facts. Some people have learned to distrust 
science, and scientists, because of such disagreements, 
but in doing so they misunderstand the nature of the 
problems. 

A decision on building nuclear power-plants cannot 
be made intelligently without the knowledge of a great 
many scientific facts, but it is essentially a political and 
social decision. Th~ range of relevant facts is enor
mous; it encompasses not only data from physics, 
chemistry, biology, engineering, and meteorology, but 
also other less 'hard' data from the whole realm of 
human history and experience. Reliable scientific data 
are essential for making wise decisions, but the relative 
importance of different categories of facts is a matter 
of judgment, where honest men can differ passionately. 

My own judgment concerning the hazards of nuclear 
power is deeply influenced by my general estimate of 
human nature and behaviour, and by my reading of 
history. People have to operate nuclear power-plants, 
no matter how much automation we introduce. 
People are forgetful, often they are irresponsible, and 
quite a few of them suffer from deep-seated irrational 
tendencies to hostility and violence. One need not be 
a student of psychoanalysis to be aware of these facts; 
one need only read the newspapers. 
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Also, as a student of history, I am haunted by the 
long record, extending over centuries and millennia, of 
the rise and fall of human societies, and of the collapse 
of social orders that had seemed stable and enduring
resulting in the periodic recurrence of dark ages in 
which the level of technology declines and communi
cation between different parts of the world declines 
with it. 

I believe that the confident advocates of the safety of 
nuclear power-plants base their confidence too nar
rowly on the safety that is possible to achieve under the 
most favourable circumstances, over a limited period 
of time, with a corps of highly trained and dedicated 
personnel. If we take a larger ~iew of human nature 
and history, I believe that we can never expect such 
conditions to persist over centuries, much less over 
millennia. 

THE FAUSTIAN BARGAIN 

One of the ablest and best informed advocates of the 
nuclear fission power programme, Alvin Weinberg, 
Director of the Oak Ridge National Laboratory, has 
stated our choices in terms of what he calls a 'Faustian 
bargain' (Weinberg, 1972). Mankind can receive an 
unlimited supply of energy from nuclear fission, which, 
he says, 'when properly handled is almost non
polluting.' In return for this great gift we must main
tain incessant vigilance to guard against leaks and 
accidents, and we must maintain 'longevity of our 
social institutions' to a degree that is probably un
paralleled in history. Weinberg believes that we should 
accept the bargain. I hold, on the contrary, that this, 
like the original bargain made by the legendary 
Dr Faustus, is a pact with the Devil, and that we 
should resolutely refuse it (Edsall, 1972). 

Use of nuclear fission energy involves a vast complex 
of operations-the mining of uranium, its chemical 
purification, the installation of the fuel rods in the 
reactor, and the safety precautions in the design and 
operation of the reactor itself; also the periodic 
removal of the intensely radioactive fission products 
from the reactor, their transportation by rail or truck 
to a reprocessing plant, and finally their storage. This 
storage has to be in suitable containers and in places 
where it is supposed that they can be safely left for 
periods of the order of 100,000 years, out of all 
contact with human or other forms of life. I shall 
point out below that there is no evidence that such 
places in fact exist. The hazards to mankind lie not 
only in possible leakage from the operating reactors 
themselves, or in the small but definite possibility of a 
catastrophic release of radioactivity; the hazards 
exist all along the line, from the initial mining of the 
uranium to the final-if indeed it is final-disposal of 
the envisaged huge quantities of radioactive waste. 

THE BIOLOGICAL AND MEDICAL HAZARDS 

Before discussing these various operations, consider 
what we know of the biological hazards of nuclear 
radiation. The upper extreme limits of exposure, for a 
nuclear fission power-plant, would be represented by a 
catastrophic release of a large fraction of the total 
radioactive material in the reactor. This is generally 
considered an extremely improbable but by no means 
impossible event, of which more is to be said later in 
this article. A study made for the U.S. Atomic Energy 
Commission (1957) attempted in great detail to estimate 
the possible effects of such an accident, for a reactor 
producing 500 megawatts of thermal energy. The 
accident was estimated, under the worst circumstances, 
to lead to the deaths of some 3,400 people, and injury 
to as many as 43,000. Property damage, it was estima
ted, could run as high as seven thousand million 
(7 x 109) dollars, and there might be some restrictions 
on the use of land and crops, for variable periods, 
over areas which might be as great as 150,000 square 
miles (380,000 km2). We should note that the reactors 
now being planned are approximately six times as 
large as the one for which these calculations were 
made. Fortunately, no such accident has yet occurred, 
and all estimates of the magnitude of such disasters 
are no more than informed guesses. If sui;h an accident 
did occur, however, it would presumably rank among 
the major disasters in the history of mankind. 

At the other extreme we must consider the biological 
effects of low-level radiation, below or near the level of 
the natural radiation background to which we are all 
exposed. The most authoritative report on the effects 
of such radiation is probably that of a committee of the 
U.S. National Academy of Sciences, known for 
brevity as the BEIR Report (1972). The natural back
ground radiation exposes an average inhabitant of the 
United States to about 100 millirem per year (mrem/ 
yr),* of which somewhat less than half is due to cosmic 
rays. Persons living at high altitudes, as in Colorado, 
may receive natural doses twice as large as those at 
sea-level, or more. 

At present the chief exposure to man-made radiation 
is from medical and dental x-rays. In the United 
States, where such uses are common, average exposure 
from this source may be two-thirds of that from the 
natural background. The importance of restricting 
such medical uses to essential purposes, and of carefully 
shielding all parts of the patient (especially the gonads) 
apart from those that are actually being examined by 

* The rem is a unit of dose equivalent. It is closely related to 
the rad, which is defined as a unit of absorbed dose equal to 
0.01 joule per kg in any medium. To convert rads to rems one 
multiplies by certain factors depending on the relative biological 
effects of various types of radiation, but for present purposes we 
can treat the rem and the rad as roughly equivalent. · 
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x-ray, is obvious; but this important point is only 
incidental to the problems that concern us here. 

,The BEIR Report (1972) discusses three major types 
of damage that arise from radiation-genetic damage, 
from gene mutations and chromosome aberrations; 
induction of cancer; and damage of various sorts 
during the early stages of development, to which the 
foetus and the young child are particularly susceptible. 
The Report, in accord with the judgment of the great 
majority of experts today, concludes that we must 
assume that there is no threshold value below which 
radiation does no biological damage; even the smallest 
increment of radiation in the environment must be 
expected to increase the statistical probability that a 
person exposed to it will suffer genetic damage, or 
develop cancer, or both. Direct experimental proof 
of this proposition is virtually impossible, as the 
expected effects are so small at very low radiation levels. 
Impossibly large populations would have to be studied, 
at very low levels, to obtain statistically significant 
results. Thus in practice by extrapolation we cal
culate the effects at very low levels from the observed 
effects at higher levels. 

The BEIR Report concludes that the doubling dose 
for genetic abnormalities in Man probably lies in the 
range between 20 and 200 rem; that is, a lifetime dose 
of this order of magnitude, applied to the whole 
human population, would double the number of genetic 
abnormalities arising from all causes, including the 
natural background radiation. The present official 
limits for human exposure, as set by the Federal 
Radiation Council, are 170 mrem per year, or a total 
of 5 rem for a 30-years reproductive period. If the 
whole reproductive population of the U.S.A. (assum
ing 3.6 million births per year) received this dose, the 
report estimates that, at equilibrium after several 
generations, there would be between 500 and 9,000 
additibnal serious, dominant, or x-linked, diseases and 
defects per year. There would also be between 1,100 
and 27,000 additional cases of congenital abnormalities 
and constitutional diseases that are partly genetic; and 
there might be an increase, of the order of 5 per cent, of 
general 'ill health' in the population. 

All these estimates, as the BEIR Report is careful to 
point out, are highly uncertain, being based largely on 
extensive studies on mice, with the tentative assump
tion that mice and Men are not very different in their 
sensitivity to radiation. Moreover, at the present time, 
our exposure to man-made radiation (apart from 
medical x-rays) is far below the 'allowed' figure of 
170 mrem/yr. The report estimates it as about 
4 mrem/yr from global fallout due to weapons testing, 
and as about 0.003 mrem/yr from present nuclear 
power-plants. With respect to radiation-induced 
cancer, the BEIR Report estimates that additional 
exposure of the U.S. population to 5 rem over a 30-

years period could cause an additional number of 
deaths from cancer of the order of 3,000 to 15,000 
annually. Earlier, J. W. Gofman & A. Tamplin, in a 
series of articles (cf. 1972), had come to a similar 
conclusion, but had predicted a much larger number of 
additional deaths from the increased radiation; they 
estimated at least 30,000 and possibly as many as 
100,000 such deaths annually. Some scientists, and 
others, sharply criticized them at the time for claiming 
that such an effect existed at all; but the careful 
calculations of the BEIR Committee support their 
argument qualitatively, even though estimating a much 
smaller number of deaths. · 

Two things should be said, to avoid misunderstand
ing. The allowed total of 5 rem over a 30-years period, 
for man-made radiation apart from medical x-rays, is 
far above what people are receiving today, as pointed 
out above. Even if radiation levels rose, so that an 
appreciable fraction of the population were getting as 
much as this, the average exposure for the entire 
population would still be considerably less. On the 
other hand, any rise of radiation levels, even a very 
small one, will mean that some people will die of 
cancer who would not otherwise have died, just as the 
descendants of some people, who might otherwise have 
been normal, will suffer genetic damage. The effects 
will be detectable only statistically; we shall not be able 
to say 'This man ( or woman or child) died because of 
the added radiation from such-and-such a nuclear 
power-plant.' Nevertheless we must face the fact that 
we are paying with human lives for whatever benefits 
we get from the. source of the radiation. How do we 
strike a bargain, to equate the costs that we must pay 
with the benefits we get? This question is raised 
explicitly in the BEIR Report, whose authors conclude 
that an answer is far beyond their scope or competence. 

· They urge, however, convincingly, that no increase in 
radiation levels is acceptable unless it can be shown 
unequivocally to yield benefits that justify it. 

Dr E. J. Sternglass (1972a), of the University of 
Pittsburgh, has claimed the existence of increased 
infant mortality in the neighbourhood of nuclear power
plants, particularly in the directions towards which 
the prevailing winds blow. There is indeed general 
agreement that the foetus and the very young infant 
suffer far more than the adult from a given dose of 
radiation; but a number of authors have sharply 
criticized the statistical evidence that Sternglass has 
presented. Some of the critics-see, for instance, 
Tompkins et al. (1972)-have produced data on infant 
mortality around several nuclear power reactors that 
are apparently in direct conflict with the views of 
Sternglass. Many arguments, with some further data, 
are presented in the papers and the discussions in the 
same volume of Le Cam et al. (1972). My own view is 
that Sternglass has not as yet made out a convincing case, 
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but that his contentions are sufficiently disturbing to 
call for careful further study by statistical methods 
and other forms of inquiry. As the following discus
sion indicates, I agree with the conclusion that the 
building · of large numbers of nuclear fission-plants 
represents an unacceptable hazard for the future of 
mankind, even if we are to dismiss completely the 
evidence presented by Sternglass. * 

Thus the operations of nuclear fission reactors 
present us, on the one hand, with the possibility of 
occasional catastrophic accidents, in which thousands, 
or hundreds of thousands, of people might be exposed, 
over a short time, to fatal doses of hundreds or even 
thousands of rems. On the other hand, as the number 
of nuclear fission-plants multiplies-the Atomic Energy 
Commission (AEC) contemplates the proposal that 
some 2,000 will be in operation in the United States 
alone by the year 2020-the total leakage of radio
activity may reach substantial levels, for which the 
people and other living organisms of the world will 
have to pay in increased deaths and disabilities. The 
risk that we shall have to pay a heavy price depends, 
not on the best performance of the most carefully 
shielded reactors under ideal conditions, but on the 
average performance of this prospective vast array of 
reactors, managed by fallible and sometimes careless 
operators, and subject to the hazards of sabotage and 
war. 

THE FIRST STEP IN THE SEQUENCE: 

URANIUM MINING 

Consider the first event in the total sequence of 
events in the production of fission power-the mining 
of uranium, and its residual products. Uranium 
miners are known to suffer from an increased risk of 
lung cancer from inhaled radon (for a critical eyalua
tion see the BEIR Report, 1972); they are engaged in a 
hazardous occupation. After the preparation of 
purified uranium oxide from the ore, there remain 
great quantities of radioactive liquid wastes, as well as 
solid 'tailings.' In the Colorado River basin, for at 
least a decade around the 1950s, the liquid wastes were 
simply dumped into the streams that fed into the 
Colorado River. Thus the inhabitants who lived 
downstream were subjected to 2 or 3 times the offi
cally permissible dose of radium (the dose limit set by 
the International Committee on Radiological Protec
tion). As to the solid tailings, Holdren & Herrera 
(1971) stated that, at the time their book was written, 
some 30 million tons of tailings had accumulated; 
those at abandoned mills alone contained enough 

* The book by Sternglass (1972b) describes his views and the 
controversies in some detail. I note it here, partly because it was 
the occasion for a very interesting and thoughtful review by 
Hoffman & Inglis (1972). 

radium to exceed, by a considerable margin, the maxi
mum permissible body content of radium for every 
person on Earth. Most of the piles of tailings were 
beside rivers and streams, where they could wash into 
the flowing water. By an almost incredible blunder, 
some 3,000 houses in Grand Junction, Colorado, were 
built on land-fill and concrete made up of such radio
active tailings. The facts were not publicly revealed 
until 1970; for years before that, and since, the people 
of Grand Junction were breathing radon derived from 
radium (half-life 1,620 years) in the land-fill below their 
feet (Holdren & Herrera, 1971). 

This shocking episode was presumably not due to 
conscious criminal intention on the part of anybody; 
it was simply a manifestation of human carelessness 
and irresponsibility. Possibly some of the contractors 
knew what risks they were imposing on the people of 
Grand Junction, but chose to disregard them in order 
to increase their profits; but one need not make such 
accusations. Throughout history the operators of 
every type of technology have made disastrous 
mistakes from time to time; bridges collapse, trains 
collide, and airplanes crash, from sheer blunder and 
miscalculation-or from shoddy design. The people 
who built the mine tailings into the city of Grand 
Junction were guilty of the same human failings that 
have plagued mankind from the start. The difference 
lies in the potential magnitude of the consequences; if 
a few dozen, or a few hundred, people die in a 'plane 
crash, that is a tragedy; but it is a mere ripple in the 
onward flow of the affairs of mankind. If increased 
radioactivity permeates the environment, however, 
all mankind will have to pay the price-in increase of 
deleterious mutations and hereditary abnormalities, in 
increased cases of cancer, and in defects of develop
ment. 

Certainly, in the handling of the liquid wastes and 1 

the tailings from the uranium mines, the dedicated 
supervisory priests whose wa_tchful presence, according 
to Weinberg (1972), should be essential for prevention 
of damage, were in fact conspicuously absent. The 
nuclear scientists and engineers, who had so devotedly 
worked to develop safeguards for reactors and for 
many aspects of the nuclear industry, had not watched 
with comparable care over the mines and their pro
ducts. 

HAZARDS OF PRESENT NUCLEAR REACTORS: 

HEARINGS ON EMERGENCY CORE-COOLING SYSTEMS 

A modern type of reactor may develop some 3,000 
megawatts of thermal, or 1,000 megawatts of electrical, 
power. The corresponding level of radioactivity is of 
the order of 1.2 X 1010 curies, where 1 curie denotes 
3.7 x 1010 nuclear disintegrations per second. These 
quantities are so huge that the radioactivity must be 
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rigidly contained within the reactor system; even the 
escape of as little as one ten-thousandth (0.01 per cent) 
of this amount to the outer environment would repre
sent an unacceptable risk. It is of course supremely 
important that no major accident should occur in such 
a reactor. It could occur if the circulating cooling 
water were lost, so that rising temperatures in the 
intensely radioactive core would cause the whole struc
ture to melt and collapse. This would probably lead to 
the release of intolerably large amounts of radioactiv
ity. The AEC therefore requires that emergency core
cooling systems be installed on all reactors, to prevent 
such disasters. 

Serious questions have been raised, however, 
concerning the safety of these systems, and these led to 
extensive hearings, beginning in January 1972, before 
a Hearing Board appointed by the AEC itself. Sixty 
citizens' groups, known as the Consolidated National 
Intervenors (CNI), raised questions concerned with 
reactor safety; and the Union of Concerned Scientists, 
of Cambridge, Massachusetts, s_erved as the technical 
arm ofCNI. 

The hearings, the transcript of which ran to some 
20,000 pages, centred on the safety and adequacy of the 
emergency cooling systems. The testimony at the 
hearings raised some extremely disturbing questions 
concerning reactor safety. These have been set forth 
particularly by Daniel F. Ford & Henry W. Kendall, of 
the Union of Concerned Scientists-first in a short 
article (1972), and then in a much more detailed report 
(1973). The hearing record shows clearly that some of 
the best-informed experts-for instance Dr William 
B. Cottrell, Director of the Nuclear Safety Program of 
the Oak Ridge National Laboratory; Dr P. L. Ritten
house, who was in charge of the AEC's Fuel Rod 
Failure Program; and Dr Morris Rosen and Mr Robert 
Colmar, of the AEC Regulatory Staff-had grave 
reservations concerning the safety and reliability of the 
emergency core-cooling systems in their present state. 
They expressed these concerns in their testimony, in 
spite of written instructions from the AEC to its wit
nesses to 'never disagree with established policy' 
(Exhibit 1013 of the hearings, quoted by Ford & 
Kendall, 1973). Dr Rittenhouse indeed 'read into the 
record the names of 28 individuals whose reservations 
concerning emergency core-cooling performance had 
influenced his own views concerning the serious 
unresolved problems in this aspect of reactor safety 
technology' (Ford & Kendall, 1973). 

Moreover, extensive as the hearings were, the 
Hearing Board arbitrarily refused to hear testimony 
on matters that would appear to be highly relevant. 
Thus, they prohibited testimony concerning the pos
sible causes of loss-of-coolant accidents, on the some
what peculiar ground that, once the Commission had 
postulated the occurrence of such an ,accident, 

consideration of causes was irrelevant. Likewise they 
refused to consider testimony on the probability that 
such an accident might occur, or concerning the 
possibility that the reactor system might fail in a man
ner different from the mode postulated by the AEC. 
For instance, the possibility that an accident might 
occur because of the failure of the reactor pressure 
vessel was ruled out from consideration as being 
(presumably) inconceivable, although it seems clearly 
a conceivable possibility. (Concerning these matters, 
see Chapter III of Ford & Kendall, 1973.) 

This is only a much-abbreviated and incomplete 
statement of the many disturbing issues that emerged 
from the hearings. (Other disturbing aspects of the 
nuclear safety programme are discussed by Gillette 
(1972).) At the time when this article was submitted 
(November 1973), the AEC had announced no final 
decisions concerning the issues raised at the hearings. 
There are powerful forces, in Government and in 
industry, pressing for the rapid development of nuclear 
power-plants, and they are reinforced by the current 
sense of urgency for the development of new energy 
sources, due to the cut-off of oil from the Arab states 
to Europe and the United States. Nevertheless the 
AEC will fail in its responsibilities if it disregards the 
apparently grave deficiencies in the present emergency 
core-cooling systems, and proceeds to license reactors 
in haste.* 

In any case, even if the emergency cooling systems 
could be shown to be adequate, fission reactors are 
dangerous. As the number of reactors increases, with 
a resulting great increase in operating personnel, the 
quality and sense of dedication of the operators is 
likely to decline; the number of leaks will surely 
increase, and the world-wide level of radioactivity will 
slowly rise. Virtually every form of technology has 
gone through periods of slow decline, as its operations 
have become routine and the operators have become 
careless or complacent. In the United States we have 
witnessed such a decline in the operation of our rail
roads over the last quarter-century. In periods of war 
and social disintegration, such disintegration of 
advanced technology may be far swifter and indeed 
catastrophic. Nelson Glueck (1960), for instance, has 
described the superb systems of water-use and conser-

* In late November 1973 the Union of Concerned Scientists 
released a detailed report (Ford et al., 1973) on the nuclear fuel 
cycle and its hazards. In a press conference they, together with 
consumer advocate Ralph Nader, strongly criticized the AEC 
for what they considered its grave disregard of safety consider
ations in the development of nuclear fission. This brought a 
sharp reply from the new chairman of the AEC. Dr Dixie Lee 
Ray, who was quoted as saying of these critics: 'They have used 
innuendo and inaccuracies to build a case· against nuclear power, 
largely on emotional grounds. We do not believe that the 
people will be fooled' (quoted in Newsweek, IO December 1973, 
p. 138). This seems a pretty clear indication that the AEC intends 
to pursue its course in building nuclear fission-plants, regardless 
of the warnings of its critics. 
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vation developed by the Nabateans, and continued by 
the Romans, in the Negev desert, and the collapse of 
this technology with the disintegration of the Roman 
empire. Nuclear technology is not immune to such 
future disintegration; and the effects of such a decline 
will not be merely local, as with the water of the Negev, 
but may liberate radioactivity so as to imperil mankind 
in general. 

THE BREEDER REACTOR AND ITS DANGERS 

It is proposed to replace the present uranium water 
reactors by fast breeder reactors which are hailed by 
the AEC as the great hope of the future. The breeder 
reactor seems at first sight to be a bargain, as it pro
duces more fuel than it consumes, and holds out the 
prospect of providing mankind with practically unli
mited supplies of energy; but its prospective dangers 
are immense. The proposed breeder would have a 
power density of the order of 400 kilowatts per litre
IO to 12 times that of the light water reactors now in 
operation. This heat-flux is to be carried off by molten 
sodium, flowing through the core at about 5 cubic 
metres per second, and emerging from the core 
intensely radioactive and at a temperature near 550 °C. 
The core of such a reactor is to contain about a ton 
of plutonium-239, one of the most toxic substances 
known, which is powerfully carcinogenic even in 
minute doses and persists with a half-life of24,000 years. 

The hazards of the present reactors will be multiplied 
many-fold in the breeders; an· explosion in a fast 
breeder could make thousands of square miles unin
habitable for many years, and could endanger the lives 
and health of millions of people. Yet the AEC has 
proposed that as many as 2,000 such breeders may be 
built and in operation in the United States by the 
year 2020. As is pointed out in a searching critique by 
Lovins (1972), the projected breeder system by 2020 
would require daily I 00 railway cars loaded with 
casks of spent fuel, on their way to and from reproces
sing plants (see also Tinker, 1973). The radioactivity of 
the spent fuel at the time of shipment from the reactor 
site, after a cooling-off period of 30 days, would be 
some 500 million curies for the fuel of a single reactor. 
The risks of accident during shipment, between the 
reactor and the processing plant, add another alarm
ing dimension to the problem of nuclear safety. 

THE DISPOSAL OF RADIOACTIVE WASTES 

There is, in fact, no safe place known for the storage 
of the radioactive wastes that are produced in such 
huge quantities by reactors of the present type, and 
will be produced, as indicated above, by the proposed 
breeder reactors. To achieve a safe period of storage, 
one must place these materials where they will be out 

of contact with mankind, indeed with the living world 
in general, for a period of the order of at least 20 half
lives of the radioactive material. For Plutonium-239, 
with its half-life of 24,000 years, the required period of 

· storage is roughly half-a-million years. This is of the 
order of a geological epoch; the last glacial period, 
which buried much of northern Europe and North 
America under ice, came and went in a far briefer time. 
How can we give assurance of safe storage, even for a 
few centuries, much less for half-a-million years? 

In 1971 the AEC believed it had found such a safe 
place in underground salt-mines in Kansas, supposedly 
free from leakage of water and contact with the out
side world. Within a year, geologists had shown that 
in fact the region was full of holes, and certainly was 
not safe for storage. The AEC then abandoned the 
plan, and no satisfactory alternative has yet been 
proposed. 

Fantastic suggestions have been put forward. In 
1972 James Schlesinger, then Chairman of the AEC 
and now Secretary of Defense in the U.S. Government, 
suggested in a speech that we might get rid of radio
active wastes by shooting them off in rockets to the sun. 
He did not say what would happen if some of them 
fell back to Earth by mistake, nor did -he estimate the 
consumption of energy and of material for the rocket 
caseings that this would involve. Others have suggest
ed burying the radioactive wastes in the ice of Antarc
tica, where their heat would cause them to melt their 
way down until they hit bottom (Zeller et al., 1973); 
but in fact we do not know what will happen to the ice 
of Antarctica over the next half-million years, and 
must regard the safety of the scheme as highly dubious. 
Actually, there is as yet no proper solution to the 
problem of radioactive wastes, and there is none in 
sight. To urge a huge development of nuclear fission 
reactors, when this problem remain unsolved, seems to 
me highly irresponsible. 

HAZARDS OF THEFT AND SABOTAGE 

Apart from the ever-present dangers of accident and 
carelessness, the fissionable material in these reactors, 
and that contained in the shipments of radioactive 
wastes, is vulnerable to theft and sabotage.* We live 
in an era of violence, war, and widespread revo
lutionary activity; there is no indication today of the 
'longevity of social institutions' that Weinberg (1972) 
postulates as an essential component of the 'Faustian 
bargain.' The recent wave of aerial hijackings was 
terrifying to many people, but its hazards arc trivial 
compared with the potential dangers involved in the 

* NoTE ADDED IN PROOF-Problems of theft and sabotage of 
nuclear materials are discussed, more extensively than in the 
present article, by De Nike, L. D. (1974) Radioactive Male
volence: Science and Public Affairs (Bulletin of the Atomic 
Scientists), 30(2), pp. 16-20. 
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possible placing of explosives by spies within a nuclear 
fission-plant; a well-placed charge of explosives, in the 
midst of one of these huge concentrations of radioactive 
material, could blow into the air enough radioactivity 
to be carried over many thousands of square kilo
metres and perhaps render large areas unihabitable for 
decades, if not for centuries. Moreover, the opportuni
ties for theft of fissionable material in transit between 
the reprocessing plant and the power station are 
enormous. 

The temptations to theft will be particularly strong 
if the breeder reactors come into operation. The 
concentration of plutonium, in the material of the 
breeder reactors, will be sufficiently high to allow its 
conversion into plutonium of nuclear weapons' grade 
by relatively simple techniques. Thus the hazard 
involved in the spread of nuclear weapons to the 
countries not- now posessing them would be greatly 
increased. This and other related hazards have been 
pointed out already by several authors; they are well 
summarized in a recent article by Ralph E. Lapp (1973). 

In short, by developing a large-scale system of 
nuclear fission-plants, we shalt' be giving hostages to 
terrorism. The advocates of the construction of these 
plants see them as being managed in an ideal world, 
what Alfven (1972) has called 'a technological para
dise.' Like Alfven, I see the real world as a very 
different place, in which we must allow not only for 
human carelessness, but for the irrational violence that 
is always present as an element in human nature, and is 
displayed by some people in extreme and uninhibited 
form. I would consider it highly irresponsible to make 
plans based on the assumption that everybody will 
behave rationally. One need only look at the Near East 
today, at south-east Asia, or at the situation in Northern 
Ireland, to realize the intensity of irrational violence 
which may break out anywhere at any time. 

Some people may wish to believe that the very fear 
of such disasters may cause mankind to become sober 
and careful. Weinberg (1972) illustrates this point by 
the example of the dikes of Holland, which must be 
perpetually guarded and maintained, generation after 
generation, to preserve the country from flooding. 
This very example, I believe, refutes his argument. In 
the closing months of the Second World War, the 
retreating Germans unhesitatingly destroyed much of 
the dike system, with consequent flooding and devas
tation which took years to repair. Likewise the dikes in 
North Vietnam, which are equally vital for the security 
of the country, were repeatedly bombed by United 
States 'planes in the summer of 1972. Although the 
government of the United States stated that the bom
bing of the dikes was accidental, the dikes were not 
treated as being off-limits to the bombers. These 
examples offer little or no hope that the contending 
forces in a future war would refrain from attacking 

nuclear fission plants in the enemy country, and thereby 
releasing vast quantities of radioactivity. 

ALTpRNATIVE SOURCES OF ENERGY, AND MODES 

OF ENERGY CONSERVATION 

What, then, shall we do about the 'energy crisis'? In 
so far as a crisis exists, it has come about primarily 
because people chose to ignore the facts about the 
steady depletion of our energy resources. Experts 
have warned for years that the world's supply of oil 
was shrinking, but nearly all policy-makers chose to 
disregard the warnings. Coal supplies are still avail
able, in quantities that would last a few centuries at the 
present rate of consumption. However, the deep 
mining of coal is expensive and hazardous to the 
miners, and surface strip-mining ruins the environment 
-unless expensive steps are taken to restore the mined 
land to good condition. Moreover, the burning of 
coal produces pollution, unless the pollutants are 
removed before they escape into the atmosphere; and 
this, too, is an expensive process. These facts, com
bined with the increasing shortage of oil, have furnished 
the most powerful arguments for those who propose a 
vast programme of nuclear fission-plants. Yet the 
hazards of such plants, on the grounds that I have 
stated above, appear to me to render such a pro
gramme unacceptable. 

There is no fully satisfactory solution to this prob
lem. Every possible choice carries its attendant evils, 
and we must therefore aim at the choice that mini
mizes those evils, both in the near future and for 
generations to come. For the present we must choose, 
among available techniques, those that are most 
effective and least damaging; and we must at the same 
time move vigorously to increase efficiency in the use 
of our present energy resources. We must greatly 
intensify research on possible future large-scale 
sources of energy that are relatively non-polluting
notably nuclear fusion, solar energy, and geothermal 
energy. And there are other, smaller but nevertheless 
usefol ones, such as harnessing the tides, winds, and 
even waves of the ocean. 

As to the immediate future, I believe that we must 
continue to rely primarily on fossil fuels-and this 
may mean chiefly coal-for the next twenty or thirty 
years. If this requires more strip-mining, there should 
be rigorous laws, rigorously enforced, for restoration 
of the land after mining, while strong anti-pollution 
measures should be required for factories that burn 
coal. Power will therefore become considerably more 
expensive; we should face that fact, and pay the price. 
The rise in the price of power will in itself compel 
more efficiency and economy in its use. 



Environmental Conservation 

Numerous steps can be taken in this direction. None 
of the proposals suggested here is new; indeed all have 
been widely discussed-see, for instance, the recent 
paper of Hirst & Moyers (1973), and particularly the 
book on 'Energy and the Future' by Hammond et al. 
(1973) which gives an admirable factual survey of the 
present and prospective methods of energy production 
and conservation. 

Several of the following proposals, which seemed 
remote to most people only a few months ago; have 
now become matters of urgent concern with the 
developing fuel crisis: 

I. Consider the design and operation of all types 
of power-producing machinery, and redesign them 
in order to strive for optimum efficiency. In the 
days when we believed that we could spend energy 
freely, efficiency was often not a prime consideration. 
Now it is. 
2. Insulate buildings better, to reduce the energy 
consumed in space heating, which is approximately 
18 per cent of total current energy consumption in 
the United States (see Hammond et al., 1973). 

3. Increase the use of public transportation (trains, 
buses, etc.) to carry commuters between cities and 
suburbs; discourage the use of private cars, by 
increased taxes on fuel and by greatly increased 
charges for the parking of cars in the centres of 
cities. (A man who parks his car in a city centre is 
renting an extremely valuable piece of real estate.) 
Ban cars entirely in much of the interior of cities. 
This will save energy and also reduce air pollution. 
4. Set a sliding· scale of costs, with rates charged 
for use of power increasing as the amount used 
increases. This will tend to promote both efficiency 
and economy. It will, as one instance, force the 
owners of large business buildings to turn off their 
lights at night, instead of letting them burn as they 
commonly do at present. 
5. Divert to civilian purposes a large fraction of the 
vast amounts of energy now used to keep the arms 
race going. This would obviously be desirable for 
other reasons. This proposal may seem Utopian in the 
present state of the world, but it may look much 
more realistic within another decade or so. 

6. Develop a population policy that will lead, as 
rapidly as possible, to zero population growth, and 
indeed ultimately to a slow decline of human 
population to a lower and more stable level than 
we have today. This is of course a long-term 
proposal. Initiation of such a policy will have no 
dramatic effects within the next decade or two, but 
in the long run it is probably the most important 
factor of all.* 

* See the preceding paper by Professor Paul R. Ehrlich.-Ed. 

PROSPECTS FOR OTHER, LESS POLLUTING, 

FORMS OF ENERGY 

No form of energy production can be wholly non
polluting, but some are far preferable to others. If 
they prove feasible and adequate, nuclear fusion, solar 
energy, and geothermal energy, would all be much 
superior to the major sources of power available today. 

(a) Nuclear Fusion: - As yet, no one can say for 
sure that energy from fusion will ever be commer
cially practicable. Nevertheless, the progress of 
recent years is such that expert engineers believe that 
the prospects are decidedly promising (Gough & 
Eastlund, 1971; Post, 1971; Hammond et al., 1973). 
The funds at present going into fusion research in 
the United States are relatively modest. It would be 
a sensible gamble to increase them several-fold, 
at once, with further large increases to follow in the 
coming years. If the gamble pays off, we shall have 
a practically infinite source of energy, with relatively 
low pollution hazards; it would then render all 
nuclear fission-plants obsolete. If the gamble fails 
to pay off, we have lost nothing but some money 
and the time spent by some investigators. In any 
case, the research is likely to be a good investment; 
it is almost certain to yield valuable information 
and practical devices that will probably more than 
repay the cost of the investment. 

(b) Solar Energy: -The total energy-flow from the 
sun is of course incomparably the largest ultimate 
source of energy on Earth. On a sunny day, .the 
rate of influx of solar energy at the Earth's surface, 
in temperate latitudes, is of the order of one kilo
watt per square metre (Glaser, 1972; Hammond 
et al., 1973). Hitherto its employment has been 
limited, although it has been found useful for space
heating under suitable conditions, and this use now 
appears to be capable of being greatly extended. 
Most experts in the past have discounted the 
possibility of using solar energy on a large scale for 
the production of electrical energy, but there is now 
a great renewal of interest in the subject; many 
promising approaches are under consideration 
(NSF/NASA Energy Panel, 1973; Hammond et al, 
1973), and research on solar energy appears to 
deserve active support and greatly increased fund
ing. If it can be successfully used on a large scale, 
it would undoubtedly be the least polluting form of 
energy production. We are not as yet justified in 
making enthusiastic claims for solar energy, but 
we would be grossly remiss if we did not vigorously 
prosecute research in this field. 

(c) Geothermal Energy: - The heat of the interior 
of the Earth has been tapped in a few places, as in 
Iceland and in one small region of Italy, to produce 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Edsall: Hazards of Nuclear Fission Power and the Choice of Alternatives 3\ 
energy in a form useful for Man. It seems unlikely 
that it can ever provide a large fraction of our 
energy budget, but it can probably be tapped to a 
far greater extent than seemed possible until lately 
Hickel, 1972; Hammond et al., 1973). It may 
prove to be in the end a useful auxiliary source of 
energy, and research in this field certainly deserves 
active support. The same must be true of some at 
least of the other, minor sources of energy. 

It seems apparent that, at least in the United States, 
we urgently need a National Energy Authority to 
study the whole field of energy production and use, to 
promote research in every at all promising aspect of the 
field, and to formulate the choices among which we 
must decide on the best measures to be taken for 
economical and efficient use of energy as well as for 
its large-scale production. · The final decisions on 
those choices must of course be made by the Congress 
and by the people of the United States. Moreover, 
since the problem is world-wide and transcends all 
national boundaries, I believe that we shall also need 
an International Energy Commission, as Alfven (1972) 
has suggested. 

At some later period, in spite of our best efforts, it 
might conceivably prove that nuclear fusion, solar 
energy, geothermal energy, and all other techniques, 
will be inadequate to meet our needs. In that case we 
might ultimately be forced to utilize fission energy on a 
large scale. In view of what I have already said, I find 
the prospect appallingly dangerous. If mankind is to 
embark on such an enterprise, we should do so with 
full realization of the awful responsibilities it entails, 
for us and for hundreds or thousands of future genera
tions. Such realization does not exist today. I believe 
we should hold off for at least a generation, accepting 
all the trouble that such a decision will involve, and 
make a supremely intensive effort to develop other, far 
less· hazardous, large-scale sources of energy. The 
prospects for success now seem hopeful, and the 
survival of mankind will be far more secure if we draw 
our future energy supplies from these less polluting 
sources. 

SUMMARY 

Nuclear fission reactors are widely regarded as the 
chief energy source of the future. This article holds that 
the hazards of such reactors, in comparison with other 
prospective energy sources, are unacceptably high. 
The biological effects of ionizing radiations, as ana
lyzed in the recent BEIR Report ( 1972) of a committee 
of the U.S. National Academy of Sciences, are briefly 
reviewed; the effects include genetic mutations, induc
tion of cancer, and developmental abnormalities. 
Hazards are encountered at many stages in the process 

of nuclear power production: in the mmmg and 
processing of uranium, in the design and operation of 
the reactors, and in the handling, shipping, and storage, 
of the huge quantities of radioactive wastes produced 
by the reactors. Grave questions have been raised 
concerning the safety of the emergency core-cooling 
systems of present reactors; and the planned breeder 
reactors, which will contain great quantities of plu
tonium-239, are likely to be even more hazardous. 
Storage of radioactive wastes, away from all risks of 
environmental contamination, in order to be accept
able must be secure for about half-a-million years. 
No place on Earth has yet been found for which such 
safety can be guaranteed. Hazards of theft, sabotage, 
and war, are formidable threats to the future of nuclear 
fission power. 

Use of fission power is not compulsory; present 
supplies of coal are adequate for two or three centuries, 
though its mining and use will require drastic steps to 
protect the environment, thereby raising costs. Alter
native, and far less dangerously polluting, sources of 
large-scale energy production exist or can be develop
ed: notably solar energy and probably nuclear fusion, 
where intensive research gives high promise of ade
quate systems for large-scale energy production within 
20-30 years. Geothermal energy, though more limited 
in amount, is also promising. Great savings can also 
be made by reducing the extravagant use of energy, 
especially in such countries as the United States; and 
various conservation measures are indicated. 
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PLUTONIUM 

AND THE ENERGY DECISION 

In our social climate of aggressive change, tech
nology has evolved to a special station. As a 
catalyst of change, technology has become a basic 
implement of economic and political power. As a 
consequence, technological decisions are made on 
the limited social and physical scales dictated by 
specific economic and political responsibilities. This 
decoupling of decision from the complete world is 
the indulgence of a society that is socially diffuse 
and physically unconfined. It is an indulgence that 
can no longer be sustained. 

The premium value placed by our society on 
growth and innovation manifests itself in a promo
tional attitude towards technology. Within this 
bias, benefits are regarded with indelicate optimism, 
and detriments as the hobgoblins of small minds. 
In the absence of any effective institution of con
trary bias, the promoter's influence has become the 
dominant and hence the characteristic influence in 
our society's attitude toward technology. This 
situation deprives society of an overall appreciation 
of alternatives and implications, and hence, in the 
largest sense, is not beneficial. 

Technology has conferred upon our society a way 
of life. Society is now vaguely coming to realize 

DONALD P. GEESAMAN 

"In the final analysis the present generation 
of light water reactors is a technological cul de 
sac, with little relevance to a solution of the 
ultimate energy problem. This technology is 
probably no more than a final offering at the 
altar of exponential growth of electric power. 
The future and the substance of the fission pro
gram is the breeder reactor, and the representa
tive fuel of the breeder is plutonium." Donald 
P. Geesaman is a physicist who has been asso
ciated with John W. Gofman and Arthur R. 
Tamplin tor the last four years. 

that something must be done to assure that this 
way of life is acceptable and sustainable. If these 
expectations are to be realized, then decisional de
coupling and promotional bias must be recognized 
as defects in the present relationship between so
ciety and technology. The energy crisis, the reactor 
controversy and, more specifically, the proposed 
plutonium economy of the future are representative 
of this problem. It is in this context that they will 
be considered. 

The present energy crisis in this country is large
ly confined to the electrical sector of the energy 
market. During this century the electric utility in
dustry has enjoyed an uninhibited growth through 
orders of magnitude. The dilemma in which this 
industry presently finds itself is a consequence of 
the intrusion of new growth limiting factors on its 
former economic isolation. Because of this intru
sion the industry has begun to recognize the dis
tinction between markets and needs. It is certainly 
true that the markets for electric power are not 
saturated, and to the extent that they are decou
pled from the social and physical world, the markets 
could be expected to grow exponentially for some 
time to come. But it is naive to believe that satura-
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3ion of the markets will pallllessly place the ultimate 
limit on the growth of the electric power industry. 
In fact, what the present crisis demonstrates is 
that physical limitations such as fuel availability, 
biological limitations such as air quality, and social 
limitations such as siting criteria are factors that 
intercede long before market saturation. 

Recognition of this fact would be wider spread 
if a heavily subsidized nuclear technology had not 
materialized in the 1960s, and offered the possibility 
of bypassing these growth limiting factors. The 
Atomic Energy Commission and the reactor vendors 
promised clean, safe, cheap, abundant electrical 
power; and the utility industry accepted the nuclear 
solution to their restricted responsibilities, and in 
the years 1964-67, 60 reactors were purchased for 
some $10 billion in an unprecedented economic 
commitment to a new technology.. As a result of 
promotional bias and isolation of decision, the de
termination to implement this major technology 
was easy for society. Too easy in fact, for now when 
the reactor arguments are belatedly raised in a 
larger forum, society is faced with its own fait 
accompli, and technological judgement is further 
distorted by deep economic involvement. 

Fission Cul De Sac 

It has been eight years since the sale of the 
Oyster Creek reactor precipitated the rush to nu
clear power. Some 110 commercial reactors are now 
completed or on order, and only now are the sim
plest implications of the commitment being widely 
appreciated. Radiation standards are being con
tested because of the potential increase in low level 
radiation exposure. The threat of major reactor 
accident has become aggravated as reactors have 
accumulated more rapidly than operating experi
ence. The disposal of high level radioactive waste 
is an unsolved problem; no disposal site has been 
finally approved; and the practicality of large scale 
solidification of wastes is still undemonstrated. But 
reassessment of the reactor decision is awkward 
with so much committed, with some tens of thou
sands employed by the industry, with billions of 
dollars of reactor-funding utility bonds held by 
pension funds, insurance companies and founda
tions, and with the Federal Power Act's tradition 
of "greatest possible economy" as an added con
straint on the production of electrical power. 

In the final analysis the present generation of 
light water reactors is a technological cul de sac, 
with little relevance to a solution of the ultimate 
energy problem. This technology is probably ~o 
more than a final offering at the altar of exponential 
growth of electric power. The future and the sub
stance of the fission program is the breeder reactor, 
and the representative fuel of the breeder is plu
tonium. 

Plutonium is an element virtually nonexistent in 
the earth's natural crust; for all practical purposes 
it is of man's doing. It has several long-lived iso-

"There are many things about radiation ex
posure we do not understand, and there will 
continue to be uncertainties until health physics 
can provide a coherent theory of radiation dam
age. This is why some of the basic research 
studies of the AEC are so important. D. P. 
Geesaman and Tamplin have pointed out re
cently the problems of plutonium-239 particles 
and the uncertainty of the risk to a man who 
carries such a particle of high specific activity 
in his lungs." (K. Z. Morgan, Testimony pre
sented at Hearings before Joint Committee on 
Atomic Energy, 91st Cong., 1970.) 

topes, the most significant being plu~onium-239, 
which because of its fissionable properties and ease 
of production is potentially the best of the t~ree 
fission fuels. Plutonium-239 is an alpha emitter 
with a half-life of 24,000 years, hence its activity 
is undiminished within human time scales. It is 
30 years since plutonium was first produced and 
isolated by Glenn· T. Seaborg, now chairman of 
the AEC, and his colleagues. Until recently it was 
significant only as a nucl~ar explosive. Now, the 
Atomic Energy Commission is promoting it as t~e 
energy source of the not too distant future. How 1s 
this new technology to be assessed and appreciated 
by society? From Chairman Seaborg's "child-in
the-manger" descriptions of plutonium's origin; 
from romanticizations of the future, reminiscent of 
Jules Verne; from speculative projections of energy 
needs and markets to the year 2020? The more 
favorable side of the picture will assuredly be there; 
but is that enough for society or even utilities to 
judge by responsibly when considering the conjec
tured primary energy source of the future. 

If the liquid metal fast breeder reactor is devel
oped and implemented according to AEC projec
tions, then by the year 1980 commercial plutonium 
production will be 30 tons annually, and in excess 
of 100 tons by the year 2000. 

Plutonium is a fuel that is toxic beyond human 
experience. It is demonstrably carcinogenic to 
animals in microgram quantities. (Pure plutonium-
239 in this amount would be roughly the size of a 
pollen grain.) One millionth of a gram injected 
intradermally in mice has caused local cancer. A 
similar amount injected into the blood system of 
dogs has induced a substantial incidence of bone 
cancer because of the element's affinity for bone 
tissue. It is fortunate that the body maintains a 
relatively effective barrier against the entry of 
plutonium into the blood system. 

Under a number of probable conditions pluto
nium forms aerosols of micron-sized particulates. 
When lost into uncontrolled air these particulates 
can remain suspended for a significant time, and if 
inhaled they are preferentially deposited in the 
deep lung tissue, where their long residence time 
and high alpha activity can result in a locally in-
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tense tissue exposure. The lung cancer risk asso
ciated with these radiologically unique aerosols is 
unknown to orders of magnitude. Present pluto
nium standards are certainly irrelevant and prob
ably not conservative. Even so, the fact that under 
present standards, the permissible air concentra
tions are about one part per million billion is a 
commentary on plutonium's potential as a pollu
tant. Its insolubility and long half-life make the 
continuing resuspension of particulate contamina
tion another unresolved concern of serious propor
tions. 

Nor is plutonium contamination an academic 
question. In May 1969 the most costly industrial 
fire in history occurred in Colorado at Rocky Flats, 
the weapons-making plant operated for the Atomic 
Energy Commission by Dow Chemical. This major 
plutonium handling facility lies 10 miles west of 
Denver. A subsequent environmental study by an 
independent party, E. A. Martell, revealed that off 
site plutonium contamination was two to three or
ders of magnitude greater than would have been 
expected from measured plutonium losses in the 
heavily filtered air effluent of the plant. After
the-fact explanations seemed to fix the source of 
this anomalous contamination as wind blown plu
tonium that had leaked from openly stored barrels 
of contaminated oil. The plutonium involved in 
the fire was largely contained and apparently was 
not implicated in the off-site contamination. Never
theless, it is hardly reassuring that consequent to 
this fire Congress voted a special appropriation of 
$25.5 million (of a. projected $118 million) for the 
upgrading of "fire protection, safety and operating 
conditions" at Rocky Flats and similar facilities. 
And there is little comfort to be found in the ir
responsible waste disposal practices which were re
vealed by the investigation after the fire. The leak
age of plutonium from the contaminated oil led to 
an uncontrolled source of plutonium which was 
some orders of magnitude larger than the integrated 
effluent loss during the 17 years of plant operation. 
As a result of this source, tens to hundreds of grams 
of plutonium went off site, 10 miles upwind from 
a metropolitan area. The loss was internally un
noticed, the ultimate deposition is now speculative, 
as is its human significance. 

Is present society so psychically stable, so civilly 
docile that it can have its energy addiction based 
on a material whose radiological toxicity is such that 
a few ounces might cause a million undetected and 
irremediable fatal injuries? A complex and sophisti
cated society must bear the burdens of vulnerability 
and constraint that are inherent in its technologies. 

Implicit in the present nuclear industry is the 
production of fissionable material. Our transition 
to plutonium as a major energy source will inex
tricably involve our society with the large scale 
commercial production of a substance that is a 
suitable nuclear explosive. A mystique of scientific 
accomplishment surrounded the development of nu-

clear weapons during World War II. That mysti
que has become illusory. The main practical im
passe to nuclear weapon manufacture was perfect
ing and implementing the expensive technologies 
for manufacture of fissionable material. Gaseous 
diffusion enrichment of uranium and reactor breed
ing of plutonium were major industrial projects in 
their own rights, but they are now implicit in the 
nuclear power industry. A reactor of even the pres
ent generation will produce some 250 kilograms 
of plutonium per year, and since the amount neces
sary for an explosive device is described by Theo
dore Taylor as "a few kilograms," the substantial 
weapon capability of one commercial reactor can be 
inferred. 

By the year 2000 plutonium is conjectured to be 
a major energy source with an annual production 
in excess of 100 tons. Can these quantities be 
handled without internal subversion? Underworld 
involvement in the transportation industry is 
legendary, and theft in the industry is epidemic. 
University unrest is ubiquitous, radical activism 
is a reality. So far as accountability experience is 
concerned, Nuclear Materials and Equipment Cor
poration (NUMEC), over several years of opera
tion, was unable to account for six per cent (100 
kilograms) of the highly enriched uranium that 
passed through its plant; and at a recent safeguards 
symposium the director of the AEC's Office of 
Safeguards and Materials Management observed 
that "we have a long way to go to get into that 
happy land where one can measure scrap effluents, 
products, inputs and discards to a one per cent 
accuracy." 

[A number of "misroutings" of special nuclear ma
terials has occurred and these have pointed clearly to 
the need for enhanced safeguards to prevent loss by 
theft of hijacking. 

On March 5, 1969, a container of highly enriched 
U F-6 ( uranium hexafluoride) was shipped from Ports
mouth, Ohio, to Hematite, Missouri. It did not reach 
its destination in Missouri. The AEC, the Federal Bureau 
of Investigations and many individuals searched in
tensively. Finally, on March 19, the shipment was found 
in Boston. 

In the same month of 1969, a shipment of highly en
riched uranium destined for delivery at Frankfurt, Ger
many, wound up in London. In April 1970, a drum of 
waste containing some 70 per cent enriched uranium 
which was being shipped locally from one firm to an
other in the same California city ended up in Tiajuana, 
Mexico. U.S. Representative Craig Hosmer of Califor
nia, a member of the Congressional Joint Committee on 
Atomic Energy who described these incidents in a talk 
last year, recalled that the report on the Tiajuana di
version was entitled: "Inadvertent export of special nu
clear materials." Ed. Nate] 

When plutonium commonly exists, the possibility 
of theft will exist, and accountability will be diffi-
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cult, and the technology needed to make an ex- Unless fusion reactor feasibility is demonstrated 

in the near future, the commitment will be made to 
liquid metal fast breeder reactors fueled by plu
tonium. Since fusion reactors are presently specula
tive, the decision for liquid metal fast breeder re
actors should be anticipated. Considering the 

plosive device will be available in textbooks, as it 
is already. Finally the social price for dealing with 
the problem effectively may be paid for dearly by 
the loss of some poorly seen freedom. 

Quite aside from this, if the plutonium economy 
is implemented in the United States, then by sym
metry it will inevitably be implemented by other 
major powers, and the technology would be mar
keted in all the small and underdeveloped countries 
that are struggling for stability. With reactor fuel 
plutonium, fission weapon capabilities are only days 
away. This capability makes nuclear disarmament 
seem remote, and is part of the responsibility of 
accepting the nuclear economy. 

Since the Eisenhower administration the ex
change of peaceful nuclear technology has been a 
component of our foreign policy. The peaceful atom 
has been internationally promoted with enough ef
fect that access to the technology is a significant 
factor in obtaining signatories to the Nonprolifera
tion Treaty. Without criticizing the Treaty or its 
intentions, it must be recognized that the line 
drawn between peaceful and nonpeaceful nuclear 
technology may effectively define no more than an 
irony. 

/ enormous economic inertia involved in the commit
ment, it is imperative that the significance of the 
decision be symmetrically examined prior to active 
promotion of the industry. 

In our present society, it is doubtful that this will 
be done. Promotional bias and isolation of decisions 
will preclude it. The Atomic Energy Commission, in 
its posture of promoter, will be functionally unable 
to serve also as a critical advocate for society in 
general. This responsibility will be outside the re
stricted economic sphere of utility and vendor. In 
this unbalanced situation uncertainties will be un
noticed and shortcomings degraded. Public, indus
try and government will be effectively uninformed. 
Unless some new institution of assessment inter
cedes the consideration affecting the decision will 
be defective. Technology is too dominant and so
ciety too restricted for such defects to be tolerable. 
A flawed judgement involving plutonium, and all 
other decisions could be irrelevant. 

FISSION AND FUSION REACTORS: The Alfven Memorandum 

In the long run fossil fuels cannot satisfy the rising energy demand in the world. There are 
only three sources of energy known which are sufficiently powerful: (a) solar energy, (b) fusion 
energy, and (c) fission energy. The first one is completely pollution-free, the second one almost 
pollution-free. The third one is necessarily combined with production of large quantities of radio
active poisonous elements. 

In my opinion, the dangers associated with fission energy have not received necessary atten
tion. Whether the pollution caused by fission reactors in normal operation is below a safe level or 
not is a controversial matter. If a reactor goes out of control, the consequences may be terrible. 
Even if extreme safety precautions are taken, the large quantities of radioactive material in them 
constitute a permanent danger. For example, in periods of political or social unrest, sabotage 
against reactors may cause catastrophes. Furthermore, in a full scale fission program, the radio
active waste will soon become so enormous that a total poisoning of our planet is possible. Under 
such conditions safety margins, which are acceptable in other fields, are inadequate. It is not evi
dent whether the waste problem can be solved in a satisfactory way. 

If solar energy or fusion energy were available now at comparable cost no one would use fis
sion energy (for peaceful purposes). Unfortunately this is not the case. Solar energy is available 
but at prohibitive cost. However, there are -new interesting solar energy projects which should be 
examined carefully. 

Concerning fusion energy, there is a general agreement that no fundamental obstacle is likely 
to prevent the construction of a fusion reactor, but there are a number of difficult scientific and 
technical problems which must be solved. There is much speculation about how much time is 
needed to solve these problems, but it is just as much a question of how much effort has to be 
spent. 

In my opinion a solution of the fusion problem is less distant today than the Moon was when 
the Apollo project started. This means that if a national effort of the same kind as the Apollo pro
gram were made, fusion energy would be available in a comparable time. If this is achieved, the 
fission reactor, especially the breeder, will be of interest only as a danger which must be elimi
nated as soon as possible. 

The views expressed here are shared by many competent physicists. They are basically differ
ent from those on which present policy is based. An important decision about the future energy 
policy of the United States - and of tho whole world - should not be made until a thorough dis
cussion has taken place involving advocates for all the three different alternatives for solving the 
energy problem. (Hannes Alfven, 1970 Nobel laureate in physics, in a memorandum to Senator 
Mike Gravel, April 2, 1971.) 
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"In case of emergency, repeat after me: Our Father . .. " 

The Dilemma of Fission Power 
DONALD P. GEESAMAN and 

DEANE. ABRAHAMSON 

Man is a 100 hundred watt thermal engine. Twen
ty watts of this power go to work a unique brain. Be
cause of that brain, man has come to use external 
sources of energy to supplement his function. A half 
a million years ago Peking Man had domesticated 
fire and had acquired the evolutionary advantages 
associated with that primitive energy supplement. 
Somewhere in the intervening centuries Homo sa-

Donal,d P. Geesaman, physicist, and Dean E. 
Abrahamson, physician _and physicist, _are ~n the 
Schbol of Public Affairs at the University of 
Minnesota. 

piens evolved; and he has amplified this energy sub
sidy until in an industrialized nation, such as the 
United States, the average individual is sustained by 
10,000 watts of power, a factor of 100 greater than 
natural energy consumption. This growth has large
ly come in the past 100 years, and has occurred pri
marily as a consequence of exploiting fossil fuel re
serves. 

Fossil fuel reserves have been a cache of latent 
chemical energy held and accumulated by the Earth 
for the past 500 million years. These reserves are in 
the form of petroleum, natural gas, coal and the less 
economically accessible tar sands and oil shales. Of 
these, the world reserves of natural gas and petroleum 
contain similar total energy; and coal contains some 
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0 One major reactor accident could change the economics and managerial structure of the elec
trical generating industry. 

0 One major incident of nuclear sabotage could lock a most basic industry into a paramilitary ad
ministration. 

20 times more than their combination. The oil shales 
represent a potentially large energy reserve, but_they 
are of speculative importance. It is conservatively 
projected that present oil and gas reserves will be 80 
percent depleted during the next 60 years, and with
in half that time in the United States. Coal reserves 
are conjectured to last only two to three centuries 
more. By then an appreciable fraction of the energy 
stored during 500 million years by incomplete oxida
tion of organic material will have been utilized in 
order to sustain the growth and collective functions· 
of a few centuries of Westernized man. 

If we are to continue to indulge ourselves in this 
ordered, pervasive pattern of life we will require a 
large energy subsidy. In the not too distant future 
we must look for sources other than fossil fuels. Nu
clear energy has been promotecfas such a source. In 
the next generation we may be dependent upon this 
new energy source. It is a source whose fuel base po
tential is unreckoned times larger than fossil fuel re
serves; a source whose latent energy per unit volume 
is a million times that of chemical energy sources; 
and a source whose fuels and coqibustion products 
are toxic and persistent beyond human experience. 

In the past many technologies have been promoted 
and accepted with few questions asked, and the sum 
of all consequent change has not been quite the para
dise that was anticipated. Now some small challenge 
is put to new technologies-an effort at appreciating 
their worth in a framework other than that of insti
tutional promoter. The nuclear industry is being sub
jected to such a challenge. 

In recent years the Atomic Energy Commission 
and the nuclear industry have presented the bright 
profile of their technology. The present nuclear con
troversy has begun to focus attention on the defects 
of the technology, and on the perspectives in which 
they can be regarded. Here one such perspective is 
described. 

The ionization potentials of atomic species are 
measured in electron volts; the binding energies of 
the nucleons in atomic nuclei are some million times 
larger. Chemical and nuclear energies are related in 
magnitude as an hour relates to a century. A quanti
tative difference of a million denotes a qualitative 
difference. In the case of nuclear energy this qualita
tive difference is of profound importance. 

Because the energies of the nucleus are so large, 
the amounts of materials involved in the nuclear fuel 
cycle are small compared with chemical fuels; grams 
of uranium or plutonium are equivalent to tons of 
fossil fuels. A typical electrical generating facility 
consumes either a ton of nuclear fuel each year in 

fission, or some million tons of coal, oil or natural gas 
in combustion. In each case-fission or combustion 
-the mass of the waste material is similar to the 
mass of the original fuels. Therefore, chemical com
bustion wastes are approximately a million times 
larger than fission wastes for the same amount of 
electrical energy generated. 

Consider the ton of fission wastes produced dur
ing a year of operation by a 1,000-megawatt (elec
tric) nuclear power plant. Of this total inventory, 
ignore all but one fission product isotope, cesium-137. 
It is sufficiently unpleasant that if all the' other fis
sion products appeared as common ash, cesium-137 
would itself constitute a major problem of radioac
tive waste. About 60 pounds or _3 _ percent of the 
reactor's yearly fission products appear as this waste 
material. 

As reference values, the official guidance for a 
maximum permissible body burden is about one 
trillionth of that amount, and local surface contami
n~tion of one thousandth of that amount per square 
mile would give an ambient exposure to ionizing 
radiation of about 1,000 times the usual natural 
background of exposure. The half-life for this isotope 
is 30 years, and hence over a social time interval, such 
as a generation, the radiological activity of cesium-
137 wastes would diminish by only a half. The 60 
pounds of cesium-137 produced by operating a nu
clear power plant for a year have the potential of 
excluding humans from hundreds of square miles for 
decades. It is projected that the accumulated activi
ties of cesium-137 in the United States during the 
1980s will represent thousands of reactor-years of 
operation. Fuel reprocessing plants, such as the one 
under construction at Barnwell, South Carolina, 
might have in localized surface storage the inventory 
produced by 50 • such reactors during 10 years of 
operation, that is, almost 500 times the annual con
tribution of one typical reactor. 

Cesium-137 is representative of the significant so
cial characteristics associated with fission wastes; the 
amounts are physically small, the times involved 
may be politically long, and the potential for damage 
is very large. Society can be protected only if the ma
terial flows are totally contained, and the isolation of 
the ultimate waste is permanently guaranteed. 

The problems of fission fuels are similarly grave. 
Neutrons produced in the fissioning of uranium-235, 
the only naturally occurring fission fuel, are used to 
breed new fission fue!s, of which plutonium-239 is 
representative. The bred fuels are the dominant nu
clear fuels in the projected breeder reactor economy 
of the future, and they are a vital part of the fuel 
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cycle economics of the present generation of reactors. 
These bred fuels have two prejudicial characteristics: 
they are radiologically thousands of times more toxic 
than uranium-235 (whose chemical and radiological 
toxicity levels are similar); and they are suitable ma
terials for the construction of nuclear explosives. 

A 1,000-megawatt (electric) light water reactor 
produces 400 to 600 pounds of plutonium yearly, 
worth $2 to 3 million and having a total volume of 
about a cubic foot. That the official guidance for a 
maximum permissible lung burden of plutonium is 
a hundred trillionth of this amount and that the air 
concentration standard for plutonium is one part per 
million billion is a commentary on its acknowledged 
potential for injury. Plutonium-239 has a radiolog
ical half-life of 24,000.years, so unle:ss it is consumed 
as fuel it will persist for geological times. 

Politically Significant 

Plutonium's suitability as a nuclear explosive is 
politically more significant than its toxicity. A mys
tique of scientific accomplishment surrounded the 
development of nuclear weapons during World War 
II, but that mystique has become illusory. The main 
practical impasse to weapon manufacture was the 
development of the expensive technologies for pro
ducing fissionable materials. During World War II 
both gaseous diffusion enrichment of uranium and 
reactor breeding of fissionable materials were major 
industrial accomplishments. Today these processes 
are inherent in the commercial nuclear industry. 

Compared with producing fissionable materials, 
the design and fabrication of these materials into 
crude nuclear explosives is a low technology program. 
Moreover, the information necessary for building a 
bomb is available in .our libraries, and within the 
minds of the numerous nuclear technologists in our 
society. The amount of fissionable plutonium need
ed to build a nuclear explosive is cited in the open 
literature as from 10 to 20 pounds. Therefore, a sub- · 
stantial weapons potential can be inferred for a re
actor producing 500 pounds of plutonium yearly. By 
the 1980s commercial plutonium production is pro
jected to exceed 50 tons annually with inventories 
many times that. 

If a small nuclear explosion of a kiloton is con
jectured, devastation over an area of one square mile 
can be expected. Population concentrations of up to 
300,000 people occur on that scale in this country 
as well as concentrations of political and economic 
power that are necessary for our function. 

The intrinsic qualities of the nuclear fission fuel 
cycle can be summarized: By society's standards, 
the quantities of materials involved are small, the 
times are long, and the potential for societal disrupt
tion is monstrous. In point, nuclear fuel simply is 
not an ultra high grade of fuel oil; it is something 
quite unique and extraordinary. Few people under
stand this better than Alvin Weinberg, former di
rector of Oak Ridge National Laboratory. As Wein
berg reflected: 

We nuclear people have made a Faustian hPri;11;n 

"Look up, yqu fools!" 

with society. On the one hand, we offer-in the cata
lytic burner-an inexhaustible source of energy .... 

But the price we demand of society for this magi
cal energy source is both a vigilance and a longevity 
of our social institutions that we· are quite unaccus
tomed to.I 

Another person who has reservedly assessed the 
implications of a nuclear economy is Hannes Alfven,. 
Swedish Nobel laureate in physics, who wrote: 

Fission energy is safe on:ly if a number of cri~ical 
devices work as they should, if a number of people in 
key positions follow all of their instructions, if there is 
no sabotage, no hijacking of transports, if no reactor 
fuel processing plant or waste repository anywhere in 
the world is situated in a region of riots or guerrilla 
activity, and no revolution or war--even a "conven
tional one"-takes place in these regions. The enormous 
quantities of extremely dangerous material must not 
get into the hands of ignorant people or desperados. 
No acts of God can be permitted.2 

The nuclear fuel cycle then bears these con
straints: the absolute containment and permanent 
isolation of fission products and bred fission fuels 
from the accessible physicaf environment and from 
any unstable sectors of society itself. The small quall
tities of material involved simplify the technology 
in and management for the strict physical contain
ment of the material flows. Conversely, the small 
quantities and careful localization of the materials 
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Guaranteeing the necessary social stability without being forced to engineer society it
self is the ultimate dilemma of fission energy. 

make them uniquely vulnerable to small scale dis
ruptive events. 

One Major Incident 

One major reactor accident could change the 
economics and managerial structure of the electrical 
generating industry. One major incident of sabotage 
could lock a most basic industry into a paramilitary 
administration. One clandestine nuclear explosive 
could disrupt the total structure of our institutions. 

Because of worldwide social instability, it is realis
tic to anticipate such contingencies. Hijackers of a 
Southern Airways flight have already threatened a 
U. S. nuclear facility. Scottish nationalists have 
threatened an English reactor. Political terrorism at 
the Olympics, the Tel Aviv airport, and in Khartoum, 
Ireland, and Argentina are but part of a repeating 
pattern in recent history. Motive seems to be well 
established for terrorism on the grand scale. The op
portunity is ever present and, now, the means are 
becoming available. The delicate relationship be
tween strength and weakness is changing. 

The problem casts its shadow across future global 
politics. Economist Robert Heilbroner has recently 
offered this gloomy speculation: 

Thus there seeins little doubt that some nuclear 
capability will be in the hands of the major underde
veloped nations, certainly within the next few decades 
and perhaps much sooner. The difficult question that 
must then be faced is to what use these nations might 
be tempted to put this weaponry. I will suggest that it 
may be used as an instrument of blackmail to force the 
developed world to transfer large amounts of wealth to 
the poverty stricken world. 

I _do not raise the specter of nuclear blackmail to 
indulge in the dubious sport of shocking the reader. 
It must be evident that competition for resources may 
also lead to aggression in the other, "normal" direc
tion-that is, aggression by the rich nations against 
the poor. Yet two considerations give a new credibility 
to nuclear terrorism: modern weaponry for the first 
time makes such action possible; and "wars of redis
tribution" may be the only way by which the poor 
nations can hope to remedy their condition.3 

As never before the powerful may stand in dread 
of the few. When this is true, suspicion and intoler
ance will be in their heyday. Think back on the 
Watergate affair and to the nearly-adopted Huston 
plan for domestic intelligence. Remember during 
John Dean's testimony before the Senate committee 
that the executive agency reports that formed some 
basis for the Huston plan were turned over to the 
committee by Judge John Sirica who, in turn, had 
received them from Dean. Remember that the ma
terial deriving from the Atomic Energy Commission 
was carefully classified and was kept in the custody 
of the Joint Committee on Atomic Energy, and it 

was brought to the Senate committee hearings only 
for Dean's identification. Why was nuclear energy 
significant to the people at the White House who 
were interested in civil disturbances? Each of us can 
provide his or her own answers, and at the same time 
consider how the Watergate affair would be regarded 
today if there had been a case of plutonium theft 
with subsequent political disruption or blackmail, 
or if domestic hijacking of aircraft had had political 
involvement? Would the ends then seein to justify 
the means? 

A complex and sophisticated society must bear the 
burdens of vulnerability and constraint that are in
herent in its technologies. The Atomic Energy Act 
of 1954 and subsequent legisiation have brought nu
clear technology into the purview of the commercial 
sector. Under the civilian nuclear energy program, 
nuclear materials will become vital elements in hu
man commerce. They will be very special elements 
of commerce, and they will warp some of our existing 
institutions beyond recognition. This process is al
ready incipient in existing perceptions. In the words 
of AEC Commissioner Larsen: 

There is no way to insure against loss of speci;il 
nuclear materials. You can pay the owner of the ma
terials the cash value of the loss, but you cannot. insure 
against special nuclear material coming back to haunt 
you as a weapon.4 

Our commercial institutions have had no experi
ence with acute industrial calamity of this potentfal 
scale. There would be no substantive commercial 
reactor industry today without the 1957 Price
Anderson Act, which limits the liability of industry 
and government in case of a major nuclear accident. 
That Act is eloquent testimony to the dimension of 
calamity implicit in a nuclear power economy. In our 
society commercial interactions are mediated by eco
nomics and civil law, but the traditional concepts of 
insurability and liability have been inadequate to 
deal with this particular commercial enterprise, and 
hence the intercession of the rrice-Anderson Act. 

Ultimate Dilemma 

Society must be constrained by the nature of the 
nuclear technology with its intrinsic hazards. Aux
iliary technology can offer much protection but, ul
timately, the protection lies in the stability of society. 
And this is the ultimate dilemma of fission energy: 
the problem of guaranteeing the necessary social 
stability without being forced to engineer society it
self. Nuclear energy will place absolute constraints 
on our society, for there are certain things that ab
solutely must not happen. When men talk in this 
way, environmental operants, and manipulative 
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drugs, and images of paramilitary priesthood are at 
the edge of their awareness. No one knows from 
whose accounts the price of security would be paid, 
but we all know there would be no free lunch. The 
alternative to the occasional devastation of a city 
may be a garrison state. 

Economists are the dominant theoreticians of our 
society. In deference to conventional wisdom the 
closing remarks here are prefaced by a quote from 
energy economist Alan Kneese: 

It is my belief that benefit-cost analysis cannot an
swer the most important policy questions associated 
with the desirability of developing a large-scale, fission
based economy. To expect it to do so is to ask it to 
bear a burden it cannot sustain. This is so because 
these questions are of a deep ethical character. Benefit
cost analyses certainly cannot solve such questions and 
may well obscure them.5 

Accepting this statement, then much depends on our 
perception of man's estate. 

Man has lived until now by the chemical sublima
tion of the energies of sunlight. His ancient evolu
tion has been a biochemical process. Life is mediated 
by collective stabilities in a space dominated by 
chemical energies. Persistence stems from a biochem
ical wisdom that is far more pervasive than conscious 
thought. 

Nuclear energy on Earth is a result of human in
telligence. Human intelligence is a meaning in itself, 
a violent life effort to transcend the old evolution 
and squeeze history down into a scrap of time. Man's 
efforts at science and politics are a tentative and in
secure facet of that evolution. 'Brighter than 10,000 
suns' was a prophetic description of the Trinity 
event for the Sun's primeval fire had burned briefly 
on the surface of the Earth, and the former stabili
ties of life, sorted out by the ages in a chemical world, 
suddenly seemed inadequate. 

We have lived consciously with nuclear energy for 
a generation. In that time, we have pondered it cau
tiously as if it were a sleeping giant. In our wars, we 
have been careful to leave it undisturbed. In our 
peaceful pursuits we are growing bolder. Now, when 
our society is fragmented and alienated, when it is 
threatened by a diminished stability and a fading 
sense of self-duplication, is it the proper time to try 
our hand at nuclear energy? 

In this enterprise, the old reserves of evolutionary 
stabilities may be useless; and we must persist 'as on 
a darkling plain' by the working of infallible intelli
gence alone. 

NOTES 

1. Alvin Weinberg, "Social Institutions and Nuclear En
ergy," Science, 177:4043 (July 7, 1972), 27. 

2. Hannes Alfven, "Energy and Environment," Bulletin, 
28 (May 1972), 5. 

3. R. L. Heilbroner, An Inquiry into the Human Prospect 
(New York: W.W. Norton, 1974). 

4. Atomic Energy Commission, "Nuclear Materials Safe
guards" from Proceedings of AEC Symposium on Safeguards 
Research and Development, WASH-1147, (Washington, D.C.: 
The Commission, 1969). 1969. 

5. Allen V. Kneese, "Benefit-Cost Analysis and Unsched
uled Events in Nuclear Fuel Cycle," Resources, Sept. 1973. 
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SCIENCE, SEPTEMBER 20, 1974 
and 

SCIENCE, SEPTEMBER 27, 1974 

NE:WS AND COMMENT 

Plutonium (I): Questions of 
Health in a New Industry 

Will Martin is an assembly-line 
worker at an automobile plant near 
Buffalo, New York. He is a genial and 
soft-spoken bachelor of 29, and a 
troubled young man. Doctors have told 
him that he has little reason for con
cern, but Martin worries nonetheless 
about the possible effects on his future 
health of an unusual and very modern 
kind of industrial accident he suffered 
7 years ago. 

It happened one September after-
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noon in J 967 while Martin was em
ployed at a nuclear fuel reprocessing 
plant located in the green rolling hills 
south of Buffalo and owned by Nuclear 
Fuels Services, Inc., a subsidiary of the 
Getty Oil Company. The $35 million 
plant, which is closed down now for 
repairs and a major enlargement, 
chemically extracted uranium and by
product plutonium from the used fuel 
rods of nuclear power reactors. Simply 
put, Martin's accident amounted to 

43 

breathing at the wrong time and place 
( see page 1028), with the result that he 
inhaled a massive dose of airborne plu
tonium. 

He left the plant in 196,8, but much 
of the plutonium is still inside him. 
He remains in apparently robust health, 
but he wonders about the future. It 
is true, doctors have told him, that 
plutonium is one of the most potent 
carcinogens known, at least in animals. 
But it is also true, they have pointed 
out, than in 30 years no human malig
nancy or other illness has been tied 
to plutonium inhalation. But the doc
tors aren't sure why, and Martin con
tinues to worry that the mildly radioac
tive "hot spots" in his chest and 
underneath his sacrum may, in time, 
lead to cancer. 

"What does this really mean for me, 
that's what I want to know," he said 



in a recent conversation in the living 
room of his parents' home. He an
swers his own question: "I guess I won't 
know what's going to happen until it 
happens." 

"Will Martin" is a pseudonym, to 
protect the man's privacy, but his ex
periences and his anxieties are real. In 
many ways he is typical of a small 
but growing number of Americans-a 

little more than 200 out of some 
10,000 who have worked with plu
tonium-who have accumulated a 
"body burden" greater than radiological 
health authorities consider safe or pru-

It was less of an "accident" in the ordinary sense of 
the word than an indiscretion, a momentary lapse of 
discipline whose consequences thus far have been either 
nonexistent or too subtle to detect. 

Martin had gone to work in 1965 at the Nuclear Fuels 
Services reprocessing plant at the age of 19, directly 
from the Army, and 2 years out of high school. Lacking 
any special skills in nuclear matters, he was designated 
as an "unlicensed operator" and assigned an assortment 
of tasks such as decontaminating equipment, helping to 
load reclaimed plutonium and uranium for shipment and 
storage, and taking samples from the plant's chemical 
process lines. All of these tasks involved a relatively high 
risk of contamination in a plant that was quickly gain
ing a reputation for such accidents. 

On the afternoon of 9 September 1967, Martin's as
signment was to enter the "Sample Extraction Aisle"
one of many airtight, concrete corridors in the plant's 
massive, wind6wless main building-to fill seven glass 
vials with plutonium nitrate for laboratory analysis. The 
sample area was known to be heavily 
contaminated from leaks and spills, 
and regulations called for a "contami
nation suit." More a cocoon than a 
suit, it consisted of two pairs of cover
alls, multiple layers of plastic and 
rubber gloves and shoe covers, a cloth 
hood, and a heavy rubber "respirator" 
that looked like a gas mask. 

Martin recalls that temperatures in 
the sample aisle that day hovered near 
90 degrees. His task took more than 
an hour. The air that came through the ~ 
face mask filter was hot and stale and 
smelled of rubber and sweat. Perspira- . 
tion streamed down his face and 
steamed the window of the mask. At ~ 
4: 3 5 in the afternoon, as he stepped p 
through an airlock and out of the aisle, \·. 
the foremost thought on his mind was 
to breathe fresh air, and that was his 
undoing. 1 

His suit was laden with plutonium 

On Inhaling Plutonium: 
as the first shoe covers, then pulled off his hood and 
mask and gulped fresh air. As he moved toward the 
radiation monitors, the alarms went off. 

Someone stepped toward him with an alpha radiation 
counter. It buzzed madly near his hair and hands. Plu
tonium dust was up his nose and down his throat. A 
technician held the microphone-like probe near his 
mouth. Martin exhaled and the instrument's counter 
swung off scale. Even his breath was radioactive. 

Health and safety technicians sped Martin to an emer
gency room for decontamination. Several hours later, 
after repeated "nasal douches" with saline water and 
several shampooings to remove external plutonium dust, 
Martin was sent home. No one yet knew how much he 
had inhaled and how much was left in him, but he re
members that someone told him_ that night to drink 
beer-that urination would help remove whatever re
mained. Martin replied that he didn't drink. 

It was an unsettling experience, but Martin continued 
working at the plant as health technicians awaited the 

results of a urinalysis. A few days after 
the incident the results came back from 
a Buffalo laboratory: ordinarily one 
"alpha count" per minute from a liter 
of urine indicated some degree of in
halation; Martin's registered 7800 
counts per minute, indicating an in
halation of 40 to 50 times the maxi
mum permissible lung burden. 

By now the AEC had begun to look 
into the incident, and company doctors 

• decided to hospitalize Martin for treat
ments to accelerate his excretion of 
plutonium. It was to be as alien an 

~ experience for the Bertram Chaffee 
Memorial Hospital in the small rural 
town of Springville, New York, as it 
was for Martin. To the medical staff, 
he was a source of trepidation and an 
object of curiosity. Here, he began to 
learn first hand about the mystique, 
and the stigma, that is part of being a 
radiation accident "victim." 

"All they knew was that I was a 
contamination case. They didn't know 
what to make of it," Martin said in a 
recent conversation. "They covered the 
walls and corridors in plastic, I guess 
because they thought I'd spread the 
stuff." 

dust by now, and to avoid inhaling it 
meant following an elaborate minuet 
of disrobing. First would come the 
outer shoe covers and gloves, followed 
by the outer coveralls. Then, without 
breathing, would come the face mask 
and hood, to be sealed in a plastic bag. 
Then and only then was breathing al
lowed. 

Martin couldn't wait. He got as far 
"Contamination suits" worn by radia
tion workers. 

Treatment consisted of several intra
venous, 1-gram doses of a chelating 
agent called DTPA (diethylene tri-
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dent for this metal. It would be an 
exaggeration to say that their lives are 
in jeopardy, or, alternatively, that they 
have absolutely nothing to worry about. 
Some reassurance can be gleaned from 

the fact that detailed medical studies of 
some 25 GI's heavily dosed with plu
tonium at Los Alamos during World 
War II have revealed no signs of disease 
over a period of 30 years. But the truth 

seem, to be that the long-te,m ocoupjS 
tional health effects of plutonium 
are still very much a mystery. 

It is not a trivial mystery, for a small 
commercial plutonium industry now 

One Man's Long Story 
aminepentaacetic acid) that chemically captures heavy 
metal compounds and aids in flushing them through the 
kidneys and intestinal tract. 

Martin lay in bed for a week, feeling fine except for 
the needle in his arm and the doubts and uncertainties 
that had begun to settle upon him. Company officials, 
fearing that events might seriously upset Martin, briefly 
barred AEC investigators from interviewing him. While 
the AEC was barred from his room, Martin recalls, 
nurses and other hospital staff peered in on him more 
often than seemed necessary. "They seemed to think 
something was happening to me, maybe that I was chang
ing, growing vampire teeth, or something." 

Several years later, the hospital's administrator would 
confide to an AEC official that he and his staff were a 
bit leery of treating contamination victims from the nu
clear plant. The administrator guessed that perhaps half 
the medical staff would be willing to respond to a radia
tion emergency at the plant. 

By October, Martin had returned to work but was 
restricted from further contact with plutonium. He had 
begun the first of a series of "whole-body counts"-six 
scanning sessions, all with negative results, would ensue in 
the next 4 years-but the story does not end there. 

Martin says the company assured him that he was 
"clean," but before long he began experiencing crushing 
headaches that he attributed to a new sensitivity to ra
diation. The headaches would last 3 and 4 days, and 
the best his doctor (who was also the plant physician) 
could suggest was that he needed an eye examination. 
Martin's solution instead was to leave the NFS plant, in 
October l 96~, for a new job that involved no contact 
with radioactivity. 

Although assured that he was free of plutonium, the 
company continued to contact him occasionally for ad
ditional whole-body counts. A, seventh came in July 
1972. This time the results left Martin badly shaken. 
The first six had been negative, but this one showed 
plutonium deposits in his ribs and lungs-as much as 
98 nanocuries, or 2.5 times the maximum permissible· 
body burden. 

For several weeks Martin brooded about this turn 
of events. He confided to friends that he was worried 
about leukemia. He broached the subject of workman's 
compensation to a lawyer acquaintance, but the lawyer, 
noting that he was in apparent good health, told him it 
was a rather "strange" case and one that he was not 
qualified to pursue. Then in early February 1973 he ap
pealed to the AEC for help. It was a long, handwritten 
exegesis of the accident and subsequent events and it 
ended by saying that "I never had the shakes before, but 
now since I have been told this I am shaking frequently. 
I appeal to you for help in my case." 
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The letter was addressed only to "Atomic Energy 
Commission, Washington, D.C.," and it posed a test of 
the severest kind for a large bureaucracy. In this case, 
the AEC responded swiftly and beyond the bare re
quirements of the law. 

Within a few days the letter had reached James P. 
O'Reilly, the commission's chief regulatory officer for 
the region covering Buffalo; he and his inspectors were 
intimately familiar with the NFS plant and its long 
history of contamination incidents. O'Reilly sent inspec
tors to the plant to dig up Martin's files and interview 
the principals in the case. Later, the commission hired 
a medical consultant to review these records and the 
new analyses that would be made. New radioanalyses 
of urine were performed. The AEC made arrangements 
for Martin to travel to the Monsanto Corporation's 
Mound Laboratory in Dayton (a major weapons facility) 
for another, authoritative whole-body count. The con
clusion now was that Martin retained 40 nanocuries, the 
maximum permissible body burden. AEC officials say 
they discussed this with him, and assured him that there 
is very little chance of harm resulting. 

The AEC had gone to considerable expense to set 
Martin's mind at ease. To headquarters, O'Reilly justified 
it on grounds that it was useful research-another bit 
of data to calibrate internal dose measurements. He also 
had a more personal justification: "When a guy gets 
different answers from different people and he's fright
ened to death, then it's time for the government to step 
in." 

Martin says he was impressed with the way the AEC 
stepped in without taking sides. He seems to harbor no 
real bitterness toward the company, which bore the cost 
of the initial treatment and subsequent tests. And still, 
questions remain. Clutching a thick sheaf of papers from 
the AEC's medical consultant, which explained the 
test results in rather technical terms, he still wonders 
what it all means. "How do they know nothing's going 
to happen? Who's going to compensate if something 
does? I feel that I'm at a standstill in this now," Martin 
says. 

The record of 30 years of human contact with plu
tonium is strongly in his favor, but statistics are cold 
comfort to a man in doubt. And' he is not alone. A 
friend, who underwent a similar experience at the same 
plant in 1973, was briefly hospitalized shortly thereafter 
for an emotional disturbance. Martin's friend believes 
that a contributing factor was the gnawing and persistent 
uncertainty that goes with being "contaminated." How
ever little physical basis there may be for such concerns, 
it is a Promethean punishment that they share. "He will 
always be questioning himself, always wondering," says 
the friend.-R.G. 



stands at the threshold of a major ex
pansion in the 1970's, as the stuff of 
bombs takes on an important new role 
as a fuel for generating electric power. 

The vast majority of human expo
sures and overexposures to plutonium 
during the past 30 years have occurred, 
in the name of national security, in 
the half-dozen huge and quasi-secret in
dustrial plants from Hanford to Los 
Alamos to Denver and Dayton and 
Aiken, South Carolina, that comprise 
the nation's nuclear weapons complex. 

In the past few years, however, a 
new pattern has begun to emerge. In
creasingly, and with a frequency that 
seems disproportionately high, incidents 
of plutonium inhalation are being re-

corded from a small group of privately 
owned and operated facilities engaged 
not in weapons work but in reclaiming 
plutonium from reactor fuel and re
cycling it in new reactor fuel. The Nu
clear Fuels Services plant near Buffalo 
is one such plant. Two others are 
the Nuclear Materials and Engineering 
Corporation (NUMEC) plant near 
Pittsburgh and a Kerr-McGee plant at 
Cimarron, Oklahoma. Both are engaged 
in making plutonium fuel-mainly for 
the Atomic Energy Commission's Fast 
Flux Test Reactor at Hanford, Wash
ington, a key element of the govern
ment's breeder reactor program. 

A fourth company, Gulf United Nu
clear Fuels, produced small amounts of 

plutonium fuel at a Long Island lab
oratory between 1970 and 1972, then 
dropped out of the field after a fire 
and explosion on 21 December 1972 
injured one worker, contaminated two, 
and, according to AEC's investigative 
report of the accident, "grossly contam
inated" a w9rking area with plutonium. 

The three remaining companies, plus 
five others waiting in the wings, form 
the vanguard of a budding new "com
mercial" plutonium industry. In spite 
of a strikingly blemished safety rec
ord chalked up by the active three, 
and in spite of the continuing uncer
tainty of the occupational health haz
ards involved, the AEC is moving now 
to encourage a major expansion of the 
plutonium fuel industry. 

Having thought about it since the 
mid-1950's, the commission has con
cluded that the time is ripe at last for 
"plutonium recycling;'' By the time this 
new industry hits its stride in the late 
1970's, the AEC expects to have li
censed three large fuel reprocessing 
plants and eight big new fuel fabrica
tion plants handling- a flow of 7000 
kilograms of plutonium a year-a vast 
increase over the present-day trickle of 
a few tens of kilograms. With the ad
vent of breeder reactors in the 1980's, 
the AEC predicts, the flow will swell to 
several tens of thousands of kilo
grams a year. The justification for all 
of this is that not recycling spare 
plutonium to generate electric power 
would be a waste of a natural r~source; 
and using it in present-day reactors is 
expected to reduce ·the nation's annual 
demand for uranium by as much as 10 
percent. 

Because of its extreme toxicity and 
its tendency to burn spontaneously, 
plutonium is customarily treated with 
a degree of caution accorded few other 
substances. When possible, it is handled 
by remote control; when human hands 
are necessary, it is handled in clear 
plastic or glass glove boxes, with arm
length rubber gloves built into access 
ports. Working areas are briskly ven
tilated and air is finely filtered. Air 
samplers and radiation monitors abound 
and, ideally, they work. 

The safety record compiled by the 
three main ·commercial processors is 
subject to differing interpretations, but 
from a review of inspection reports 
made public by the AEC, it is hard to 
see that any of them is quite in com
mand of the technology. 

The record reveals a dismal repeti
tion of leaks in glove boxes; of 
inoperative radiation monitors; of em- , 
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ployees who failed to follow instruc
tions; of managers accused by the AEC 
of ineptness and failing to provide 
safety supervision or training to em
ployees; of numerous violations of fed
eral regulations and license require
ments; of plutonium spills tracked 
through corridors, and, in half a dozen 
cases, beyond plant boundaries to auto
mobiles, homes, at least one restaurant, 
and in one instance to a county sheriff's 
office in New York. 

The following compilation of ex
posure incidents is based on interviews 
and on inspection and investigative re
ports made public by the AEC: 

Nuclear Fuels Services. At least 15 
separate incidents between late 1966 
and early 1973 exposed at least 38 per
sons to "excessive concentrations of 
radioactive materials" and all inhaled 
or ingested these materials. Amounts 
generally were below maximum permis
sible lung or body burdens, although 
measurements often proved faulty or 
imprecise. 

An incident at the NFS plant on 5 
January 1973 seems typical, although 
it occurred after the plant had closed 
for decontamination and enlargement. 
As two workers were pumping con
taminated water into a tank; the hose 
slipped free, spraying one with radio
active sludge from a decontamination 
pit. 

"I ducked but it caught me right in 
the face," the worker told Science in a 
recent interview. (He and others were 
located in spite of the fact that the 
AEC deletes workers' names from re
ports it releases to the public.) "The 
water had filter medium in it that 
catches fission products from the pit," 
the man explained. "I remember that 
it tasted gritty." 

A Geiger counter held near his face 
registered I 5,000 counts per minute. 
This contamination was removed by 
repeated scrubbings, but later analysis 
showed that he had inhaled or swal
lowed small amounts of radioactive 
ruthenium, cobalt, cesium, and 12 per
cent of the maximum allowable tung 
burden of plutonium. 

Kerr-McGee. Since April 1970 the 
company's plutonium plant, employing 
I 00 workers, has reported 17 over
exposure incidents involving a total of 
73 persons. An AEC spokesman noted 
that fewer than 73 individuals were 
overexposed, but that some persons 
were involved in more than one in
cident. 

The most serious of these was a fire 
on 5 March I 973 which broke out 
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spo~neously in a bag of plutonium 
waste, contaminating seven persons and 
a large working area. No overexposures 
at Kerr-McGee were felt to be "signifi
cant," the AEC spokesman said, adding 
that definition of this term "is some
thing of a gray area." 

NUMEC. Figures are imprecise, but 
the record shows that at least 30 per
sons (among a working crew of around 
100) were overexposed to airborne plu
tonium in at least 13 incidents from 
late 1969 to the present. Six of these 
exposures resulted from repeated leaks 
m the same piece of equipment-a 
plutonium oxide sintering furnace-in 
a I-month period in the summer of 
1973. Fourteen other workers near the 
furnace were found to have fresh plu
tonium in their nasal passages but none 
was counted as having been over
exposed. 

AEC officials make the point that 
reports of overexposure do not neces
sarily mean that a worker has inhaled 
more than regulations allow. This is 
because AEC licensees are required to 
report every instance in which ambient 
air concentrations of plutonium (and 
other radioacti;e substances) exceed 
prescribed limits, regardless of whether 
excessive uptake by workers is detected. 
Mindful of this caveat, S. H. Smiley, 
the AEC's deputy director of licensing 
for fuels, says that on the whole "We've 
had a rather excellent record compared 
to other industries. These exposures are 
mostly minor stuff. Nothing in the way 
of a 'problem' has come to our atten
tion that would cause us alarm, al
though anything we can do to reduce 
these incidents, and 1s practical, is 
worth doing." 

Indeed, the AEC"s official registry of 
radiation overexposures-encompassing 
events from 1968 to this May-lists 
only .five plutonium inhalation incidents. 
Two occurred at AEC weapons facili
ties, one at NFS (the hose incident), 
and two at NUMEC. 

There is an important reason for 
this disparity, apart from the fact that 
some overexposures truly represent an 
intake no larger than that caused by 
normal, chronic inhalation. It also hap
pens that the registry counts only those 
overexposures in which inhalation is 
unambiguously confirmed. And con
firming that inhalation has actually 
taken place-to say nothing of measur
ing the amount inhaled-is difficult and 
fraught with opportunities for error. 

There are two methods of confirma
tion and measurement. One 1s to 
analyze an exposed worker's urine or 

fecal voids for plutonium and the other 
is to scan his body with special radia
tion counting instruments to pick up 
emissions characteristic of this element. 
Both methods-"bioassay" and "count
ing"-have often produced results of 
questionable reliability and lung count
ing equipment is notoriously insensi
tive. AEC reports contain a number of 
instances in which "bioassay" data have 
been lost, mislabeled, or otherwise 
rendered ·useless. Moreover, the mini
mum amount of plutonium detectable 
by lung scanning instruments often 
equals half or more of the maximum 
burden permitted. 

"You can measure external radiation 
doses simply, directly, and unambigu
ously," Gen W. Roy, the AEC's chief 
of radiological and environmental 
health for operations; acknowledged in 
an interview. "But internal doses are a 
horse of another color. Quantifying this 
is extremely difficult." 

The end result of this difficulty is 
that the finding of "less than detectable" 
amounts of plutonium in an overex
posed worker may mean very little, 
except to disqualify him from inclusion 
in the official registry. 

Given the uncertainties of long-term 
effects of quantities that are difficult to 
measure, how does the AEC justify a 
major expansion of the commercial 
plutonium industry? 

Smiley, among others, contends that 
most overexposures are minor, and he 
says that new and more sophisticated 
plants coming up for licensing will be 
far cleaner than their predecessors. 
"There will be more automation, less 
human contact," · he says. "I would 
look for the number of these incidents 
to decline in the future." 

Roy is similarly sanguine about fu
ture plants. "There has been a recogni
tion of this kind of problem. And so 
much is known now about the design 
of [plutonium] plants that wasn't known 
in the early '60's." 

Improving the technology of pluto
nium confinement may help, but past 
experience suggests that technology 
isn't everything. At least as essential is 
an enlightened corporate management, 
willing to spend money on employee 
training, on maintenance of equipment, 
and on adequate staffs of health and 
safety technicians. 

The record thus far depicts a con
tinuing struggle between the managers 
of the three commercial plutonium 
plants and AEC inspectors, with the 
latter scoring only mixed success. 

Three times in 1967 and 1968 the 

AEC presented the NFS plant near 
Buffalo with the choice of closing down 
temporarily or being closed down to 
remedy health, safety, and environ
mental violations. The denouement of 
several years' struggle came in a meet
ing bet\Veen the two sides at NFS 
headquarters in Rockville, Maryland, 
in February 1972. There, AEC of
ficials accused the company of a "fail
ure to make reasonable efforts to main
tain the lowest levels of contamination 
and radiation ... " and of a "failure 
to adequately instruct or effectively 
train employees . . . in the radiation 
hazards involved in their job assign
ments." 

Three months later the plant began 
what company officials describe as a 
long-planned shutdown. Whether it 
would have bf!'en allowed to keep run
ning is problematical. "They were head
ing for a shut-down," one AEC official 
said. 

At the Kerr-McGee plutonium plant 
in 1973, AEC inspectors found 16 viola
tions of plant Jicense requirements or 
federal radiation regulations, all of 
which regulatory officials attributed to 
a "lack of management controls" and 
to inadequate staffing. 

Although the AEC has been empow
ered since late 1971 to levy civil fines 
for safety violations, regulatory officials 
say that present policy is to do so only 
when a licensee fails to take prompt 
remedial action or seems willfully to 
disregard AEC regulations· and license 
requirements. 

Such apparently was the case this 
year with NUMEC. In June, the AEC 
fined the company's Pennsylvania fuels 
plant $12,000 for 16 separate violations 
relating to health, safety, and security. 
This was the first. time the commission 
had fined a nuclear fuel facility. In a 
5 June letter to NUMEC, James P. 
O'Reilly, the AEC's chief regulatory 
officer for the northeastern states, ex
plained this unusual action by noting 
that the company's performance during 
the previous 20 months "indicates a 
history of repeated violations and un- , 
fulfilled commitments to correct viola
tions." 

Six days later a pinhole leak in a 
plutonium glove box at NUMEC con
taminated one worker. The amount in
haled was said to be "significant" but 
nevertheless "far below" the level that 
would impair his health. 

All in all, it would seem that the 
long-heralded debut of a "plutonium 
economy" has been less than auspicious. 

-ROBERT GILLETTE 
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Plutonium (II): Watching 
and Waiting for Adverse Effects 

If any of you have a pet beagle, guinea pig, or hamster that i~ involved in a 
plutonium spill, we can make a fairly accurate prognosis and outline an adequate 
course of treatment. [But] at best, the practice of extrapolating animal data to 
man is of questionable validity, and the extent to which this may be done with 
confidence should be established by human data as soon as possible.-JoHN A. 
NORCROSS, former director of the United States Transuranium Registry, 1972 

Almost from the time of its discovery 
in 1940, and certainly by the late 
1940'.s, radiological health researchers 
were well aware that plutonium's gre.at 
potential value was fully matched by 
its enormous biological hazard. Studies 
with laboratory animals 25 years ago, 
for example, quickly established that 
internal doses of plutonium measured 
in micrograms were an even more 
potent carcinogen than radium. 

A great deal more has been learned 
since then about the behavior of plu
tonium in animals, as the above quota
tion suggests. But even though plu
tonium has become an increasingly 
important and abundant industrial sub
stance, the effects of small internal 
doses on workers exposed to this 
strange metal remain uncomfortably 
uncertain. "The record so far is pretty 
good," says Walter S. Snyder, an au-

thority on the subject and for many 
years a leading health physicist at Oak 
Ridge National Laboratory. But, Snyder 
adds, "we are still on edge about this." 

Faced with this uncertainty-and 
with the rising prospect that plutonium 
would begin to spawn a commercial 
nuclear fuel industry in the mid- or 
late 1970's-the Atomic Energy Com
mission (AEC) began in the summer 
of 1968 to set up a medical data bank 
to monitor the health of thousands of 
men occupationally exposed to plu
tonium. It was hoped that the data 
bank, which the AEC now calls the 
United States Transuranium Registry, 
would serve as a medical trip wire-an 
early warning system-that would either 
confirm by its silence that exposure 
Umits adopted in the late 1940's were 
adequate for workers, or sound an 
alarm soon enough to head off the 
kind of occupational health disaster that 
befell radium workers in the early part 
of the century, some of whom are still 
developing malignancies traceable to 
their jobs. 
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5 Qay, the Tran,urnnium Registry 
has passed b€:yond many of its initial 
organizational -diffk:ulties and ·has--settled 
into what promises to be a long, quiet 
watch for signs of adverse health effects. 
Centered at the AEC's Hanford Reser
vation in eastern Washington state, the 
registry has become the repository for 
medical data on some 6000 nuclear 
workers, almost all in plutonium opera
tions. And it has begun to report the 
results of autopsies on plutonium work
ers as the information becomes avail
able. About 40 autopsies have been 
performed thus far. 

Peaceful as its existence is, the regis
try is not without its problems and its 
critics. For one thing, selling industry 
on the concept of a medical data bank 
has not been easy, and the job is not 
yet finished. It also happens that medi
cal data collected so far comes almost 
entirely from those men most recently 
exposed to plutonium and other radio
nuclides, and who are therefore least 
likely to show any adverse effects in 
the near future-if such effects are ever 
to be found at exposure levels currently 
encountered by nuclear workers. 

Whatever its shortcomings, though, 
the registry represents an innovation in 
preventive medicine and, in a sense, a 
novel experiment in technology assess
ment. As such, it serves to illustrnte the 
difficulties-both social and scientific
of guarding against future catastrophes 
of occupational health. 

Officially, the Transuranium Registry 
is part of the Hanford Environmental 
Health Foundation, a private organiza- · 
tion that the AEC has contracted to 
provide medical services for the nearly 
7100 employees at the 570-square mile 
Hanford Reservation. With an annual 
budget that fluctuates between $80,000 
and $105,000, the registry employs one 
full-time administrative assistant, a part
time consultant, and a part-time direc
tor, William D. Norwood. A physician 
and researcher at Hanford for many 
years, Norwood, at the age of 72, says 
that he's looking for a younger man to 
take over but hasn't yet found a re
placement. 

The registry's basic approach has 
been one of classic epidemiology. It 
seeks to collect medical records of as 
many plutonium workers as possible and 
then to find correlations, if any, be
tween "body burdens" of plutonium or 
other radioactive elements and any 
changes in longevity or patterns of dis
ease that develop. The registry is espe
cially-but not exclusively-interested 
in men known to have absorbed rela-
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. tively large ,amounts of plutonium, either 
through inhalation or through contami
nated skin wounds, the two main routes 
of intake. Most careful watch is kept 
for workers who may develop malig
nancies of the bone, lung, liver, or 
tracheobronchial lymph nodes, where 
plutonium tends to concentrate. 

Those workers who sign authoriza
tion forms for autopsies are given a 
special identity card to carry, and if 
they leave the nuclear industry before 
they die, the registry pays for them to 
have periodic physical exams and 
"body burden" measurements. When 
the worker dies, the registry pays the 
family $350 toward funeral expenses. 
Other deceased enrollees can be traced, 
and their death certificates located, 
through their social security numbers. 

Problems of Privacy 

All of this brushes up against sticky 
questions about an individual's right to 
privacy. To avoid problems in this area, 
the AEC has made cooperation with 
the registry-both by companies and by 
their individual employees-entirely vol
untary. In addition, all medical data, 
which is stored on computer tapes, is 
numerically coded by the registry to 
protect each worker's identity. Even so, 
Norwood said in a recent telephone 
conversation, "We've really had to sell 
the idea to industry." Besides questions 
of privacy, he said, "Some companies 
arc afraid that we'll scare their em
ployees by talking about the hazards of 
plutonium. So we have gotten varying 
degrees of cooperation." 

After some initial resistance, the na
tional laboratories and the big nuclear 
weapons plants handling large amounts 
of plutonium have all begun cooperat
ing fully, with the exception of the 
Savannah River production plants run 
by DuPont at Aiken, South Carolina.* 

In contrast with AEC's own facilities 
and those run by its contractors, the 
registry has encountered a stonewall of 
resistance from some of the smaller 
private companies in the vanguard of a 
new and potentially major new segment 
of the nuclear industry-the manufac
ture of "mixed" uranium and plutonium 
oxide fuel for conventional nuclear 
power plants. The AEC is expected to 
move toward encouraging production of 
this new fuel within the next year (Sci
ence, 20 September). 

• DuPont gives the registry data only on workers 
known to have taken in more than 5 percent of 
the maximum permissible body burden of 40 
nanocuries, a determination that is often difficult 
to make. The company replaces workers' names 
with coded numb~rs. 

Two companies that intend to make 
plutonium fuel on a large scale-West
inghouse and Exxon Nuclear-have 
agreed to cooperate fully with the reg
istry, once production begins in about 
3 years. 

But two other companies in the plu
tonium fuel business have balked. These 
are Nuclear Fuel Services, Inc. (NFS), 
whose spent fuel reprocessing plant near 
Buffalo, New York, is closed pending 
AEC approval of a major enlargement; 
and the Nuclear Materials and Equip
ment Corporation (NUMEC), whose 
plutonium plant at Leechburg, Pennsyl
vania, near Pittsburgh, is producing fuel 
for the AEC's breeder reactor program. 
Together, and when fully operating, 
the two companies employ only about 
200 persons "at risk" of exposure. But 
both plants have suffered a number of 
leaks and spills of plutonium that have 
led to contamination of workers, seem
ingly in disproportionately high num
bers. 

Norwood said that NUMEC "hasn't 
said yes and they haven't said no," but 
that NFS seemed to have stopped an
swering his letters. "They haven't re
sponded to my last two or three." 

A spokesman for NFS told Science 
that he wasn't familiar with the letters, 
but that the company's management at 
present regards participation in the 
Transuranium Registry as "inappropri
ate," although no final decision has been 
made. The spokesman, vice president 
Claude E. Fountain, said that the com
pany's position was that even inviting 
employees to participate in the registry 
voluntarily might be construed as "co
ercion." 

Did the company invite employees to 
contribute to United Fund and local 
blood banks? "Of course," said Foun
tain, "But we view that differently." 

A spokesman for a third private 
plutonium plant, located near Cimar
ron, Oklahoma, and owned by Kerr
McGee, said the company docs not yet 
know enough about the registry to give it 
a "blanket endorsement" but that Kerr
McGee "welcomes added information." 

In Norwood's view, the noncooperat
ing companies are more likely to hurt 
themselves than the registry and its 
goals, although their resistance does 
deny the registry access to a number 
of persons exposed to plutonium oxide, 
a form of the element considered by 
some authorities to be particularly haz
ardous. He notes that, "If some former 
employee comes along and sues these 
companies for compensation, it might 
look to the people trying the case that 
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the company did not do everything 
it possibly could to protect employee 
health." 

Norwood said that he had been in
formed that the Nuclear Energy Liabil
ity-Property Insurance Association, the 
national insurance pool that underwrites 
private nuclear facilities, had strongly 
urged the noncooperating companies to 
change their position. 

How successful has the registry's re
cruitment been? No accurate figures are 
to represent a considerable handicap. In 
addition, some scientists who are espe
cially worried about the health effects 
of plutonium question the registry's 
heavy emphasis on long-term epidemiol
ogy. Among them is Donald P. Geesa
man, a biophysicist at the University of 
Minnesota's School of Public Affairs. 

"If all they're looking at is body 
burdens and the cause of death, this 
may be next to useless," Geesaman says. 
"God only knows what else plutonium 
workers are exposed to-tritium, other 
radionuclides, hydrocarbons you never 
dreamed of. For meaningful results you 
have to look on a fine scale for pathol
ogy near local depositions in tissues." 

Norwood replies that a few close 
examinations of autopsied bone have 
been done, but that techniques need re
finement and uncommon\y large derosi
tions are necessary now. 

In large measure the Transuranium 
Registry's sensitivity as an early warn
ing system depends upon the nature of 
the effects, if any, to be discovered. 
The appearance of a rare malignancy
a bone sarcoma, for example-among 
the first few dozen autopsies would be 
a clear signal that something was amiss. 
But hundreds of deaths among the reg
istry's enrollees might be required to 
detect a statistical increase in garden 
variety lung cancer. 

In the meantime, there is a growing 

available, but upwards of 7000 to 8000 
persons may now be employed in plu
tonium operations. The registry has 
signed up about 6000 of these workers, 
and some 850 of them have agreed to 
autopsies. 

According to rough estimates sup
plied to Science by the AEC, however, 
about 17,000 persons are thought to 
have worked in plutonium operations 
from the beginning of the Manhattan 
project to the present. If so. that means 
urgency to the central question: Are 
current occupational standards for plu
tonium, set in I 949, still adequate? As 
the nation moves toward the commer
cialization of plutonium, the standards 
have become an issue between environ
mentalists on one side and the propo
nents of nuclear power and the radia
tion standards community on the other. 
Earlier this year, for instance, the Nat
ural Resources Defense Council, a re
spected environmental law group, con
tended in a lengthy technical paper that 
current exposure limits for airborne plu
tonium were too high by a factor of at 
least I 00,000. Others, like Karl Z. 
Morgan, an eminent health physicist at 
the Georgia Institute of Technology, 
believe that a solid biological case exists 
for reducing the present maximum per
missible body burden of plutonium by 
a factor of 40 or 50. This limit is ·now 
set at 40 nanocuries, an amount of 
material about equal to a pencil-point 
dot on a piece of paper. 

Many health physicists, however, 
believe that no change in the standards, 
or only a· small one, is warranted. Fre
quently cited as a reason for reassurance 
is the lack of apparent effects in a group 
of 25 GI's who were heavily contami
nated by plutonium during the Man
hattan Project and who have been moni
tored carefully ever since by researchers 
at Los Alamos. Chester Richmond. for 

th . t . . . l h 5~ e reg1s ry 1s momtonng on y t e most 
recent one-third of the population con
sidered to have been occupationally 
"at risk" to exposure to plutonium. 
But finding and enlisting the coopera-
tion of the first two-thirds has so far 
not been practical, Norwood said, ex
plaining that, for one thing, early em
ployment records are far from com
plete. 

Even so, the apparent loss of the first 
11,000 plutonium workers would seem 
many years a leader m plutonmm enects 
work at Los Alamos, notes that the only 
signs of pathology in these men so far 
are "metaplastic changes found in the 
sputum" of some of the men. Such 
changes, though a possible precursor of 
malignancy, are not uncommon in mid
dle-aged men who smoke. 

Even though their number is small, 
Richmond continues, "I feel very re
assured that our standards are not way 
out of line as some have suggested. If 
they were-by orders of magnitude
you would have seen something in this 
group, perhaps a bone sarcoma. They 
would have raised a red flag." 

Walter S. Snyder, a member of the 
internal exposure committee of the 
International Commission on Radiologi
cal Protection, the leading standards 
organization, is similarly sanguine but 
cautious. No adverse effects have been 
seen thus far, he notes, hut if there was 
one lesson learned from the radium 
workers a half century ago it is that 
radiation-caused malignancies may take 
decades to manifest themselves. 

"We arc still on edge about this," 
Snyder says of plutonium. "We're play
ing a game with very little human data." 

-ROBERT GILLETTE 

Erratum: In the first of this two-part series on 
20 September the Nuclear Materials and Equip
ment Corporation was incorrectly identified as 
the Nuclear Materials and Engineering Corp. 
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Hazards of the Nuclear Fuel Cycle 
The solutions to the problem lie beyond technology 

JOHN P. HOLDREN 

In June 197 4 there were 45 commercial nuclear 
reactors in operation in the United States, with a 
total generating capacity of 28,183 megawatts elec
trical (Mwe). * Another 165 reactors totaling 173,918 
megawatts were under construction or on order 
[1]. Although nuclear reactors accounted for only 
about 5 percent of U.S. total installed generating ca
pacity in 1973, the Atomic Energy Commission ex
pects this fraction to rise to 40 to 60 percent by the 
year 2000 [2]. Worldwide nuclear generating capac
ity was about 50,000 megawatts in mid-1974, involv
ing about 120 reactors larger than 100 megawatts in 
17 countries [3]. Some present and projected nu
clear capacities through the year 2000 are summar
ized in Table 1. Although more and more observers 
in the United States are raising doubts that the high
er nuclear projections for this country will actually 
be achieved, these figures nevertheless provide a use
ful basis for discussion. On the assumption that nu
clear power continues to be vigorously and success
fully promoted in the United States and elsewhere, 
installed capacity worldwide in the year 2000 could 
be 2,500,000 to 3,000,000 megawatts. 

Most of the world's operating power reactors fall 
into four categories: (1) reactors cooled and moder
ated by ordinary water, called light water reactors 
(LWRs); (2) reactors moderated by heavy water 
and cooled by heavy water, light water or gas 
(HWRs); (3) reactors cooled by gas and moderated 
by graphite (GCRs); and (4) unmoderated (fast 
neutron spectrum), liquid-metal cooled, breeder re
actors ( LMFBRS) • 

The predominant types at the present time are the 
light water reactors and the gas-cooled reactors. In 
mid-1974 there were 68 light water reactors with a 
generating capacity of over 100 megawatts, 40 of 
them in the United States; and 27 gas-cooled reac
tors of over 100 megawatts, mostly in Great Britain 
and France. Light water reactors are further subdi
vided into boiling water reactors (BWRs), in which 
the water in the reactor core is allowed to boil, and 
pressurized water reactors (PWRs), in which the 

John P. Holdren, physicist, is assistant pro
fessor, Energy and Resources Program, at the 
University of California, Berkeley. This article 
has been adapted from a report he presented to 
the 1973 Pugwash Conference on Science and 
World Affairs at Aulanko, Finland. 

pressure in the primary coolant circuit that passes 
through the core is high enough to prevent boiling. 
Operating gas-cooled reactors use helium or carbon 
dioxide as the coolant; they are characterized by low
er power densities and, in some instances, higher ther
mal efficiencies and conversion ratios than light 
water reactors. ( Conversion ratio equals number of 
new fissile nuclei produced from fertile material per 
fissile nucleus consumed in the reactor.) 

In breeder reactors the conversion ratio exceeds 
unity: plutonium is produced by neutron bombard
ment of uranium-238 faster than uranium-235 and 
plutonium are consumed. (Another fuel cycle, ca
pable in principle of breeding in a thermal neutron 
spectrum, produces fissile uranium-233 by neutron 
bombardment of thorium.) Only heavy water reac
tors can economically employ natural uranium (99.3 
percent uranium-238); unenriched in the fissile iso
tope uranium-235, as fuel. Other contemporary 
uranium-fueled reactors require enrichment in urani
um-235 ranging from 2 to 4 percent in light water re
actors to 93 percent in U.S.-design high temperature 
gas-cooled reactors (HTGRS). 

The possibility of radioactive contamination of the 
environment exists at many stages of the nuclear fuel 
cycle in addition to actual reactor operation. Prior 
to arrival at the reactor, the uranium must be mined, 
milled (mechanical and chemical processing to ex
tract uranium oxide (UaO8 ) from the raw ore), en
riched with respect to the concentration of fissile 
uranium-235, and fabricated into fuel elements. Af
ter being used in the reactor core, spent fuel ele
ments are stored while part of the short half-life 
radioactivity decays. They are then shipped in heavi
ly shielded containers to a fuel reprocessing plant 
where the valuable fissile and fertile isotopes of 
uranium and plutonium are chemically separated 
from the radioactive wastes. The wastes may be 
stored at the reprocessing plant, in concentrated 
liquid or solid form, before shipment to a temporary 
repository. (No final repository has yet been agreed 
upon in the United States, although deep bedded 
salt deposits and some other concepts are under in
tensive study. Engineered surface-storage facilities 
are to serve as temporary repositories, but no such 
facility for commercial nuclear wastes has yet been 
built in the United States.) 

*One megawatt electrical equals one million electrical 
watts. 
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It is difficult to argue that any completely technological approach can be found or 

trusted in a world characterized by human error and irrationality. 

Present practice in the United States is to ship the 
recovered uranium from the reprocessing plant to an 
enrichment plant, where it begins the cycle anew, 
and to store the plutonium-239 for future use either 
in light water reactors or liquid metal fast breeder 
reactors. The feasibility of using plutonium-239 to 
augment uranium-235 in light-water reactors has 
been demonstrated [ 4] but it is not yet being done 
routinely in the United States. This is because the 
relatively cheap availability of uranium has encour
aged saving the plutonium for later use in liquid 
metal fast breeder reactors, where it is the preferred 
fuel. Delays in the widespread introduction of liquid 
metal fast breeder reactors and/ or increases in the 
price of ura.nium, however, are likely to lead in the 
future to extensive recycling of plutonium in light 
water reactors. Of course, an important advantage 
of the liquid metal fast breeder reactor is its ability 
to bypass the need for uranium-enrichment facilities 
completely if enough plutonium is available to supply 
the initial core. 

The stages of the nuclear fuel cycle where routine 
radiation releases occur and where nonroutine re
leases or incidents could occur are shown in the figure 
(p. 17). The impact of these occurrences is examined 
in more detail in what follows. Emphasis is given to 
the regulations, practices and technologies that pre
vail in the United States or that have been projected 
for this country, although the consequences of es
sentially similar practices prevailing worldwide are 
considered briefly in some instances. The discussion 
is divided into three sections: regulations and rou
tine releases of radioactivity, unanticipated releases 
of radioactivity, and diversion of fissionable mate
rials. 

Regulations governing the routine release of radio
active materials in the-United States are set forth in 
the "Code of Federal Regulations, Title 10: Atomic 
Energy" [5], which are based largely on the recom-

Table 1 

Present and Projected Nuclear Generating Capacities 
(thousands of megawatts-electrical) 

Mid-1974 Projected 

United States 28.5 120-150 ( 1980) 
200-300 (1985) 
800-1,200 (2000) 

Western Europe 13.3 100 (1980) 
Japan 2.1 24 ( 1980) 
USSR, Eastern Europe 3.1 + 
World 50.5+ 2,500-3,000 (2000) 

Source: Atomic Energy Commission [1,2] and Nuclear Engineering In• 
t,ernationa/ [3], 

mendations of the International Commission on 
Radiation Protection (ICRP). The principal recom
mendations for maximum permissible doses of radia
tion resulting from the peaceful uses of nuclear ener
gy are 5 rems per year for workers in nuclear tech
nology; 10 times less, 500 millirems per year, for any 
individual in the general population; and 30 times 
less, 170 millirems per year, as an average dose to 
large segments of the general population. These 
permissible doses are in addition to medical uses of 
radiation and to natural background radiation from 
cosmic rays, radioactive materials in the Earth's 
crust, and natural isotopes such as potassium-40 that 
circulate in the biosphere. The natural background 
radiation dose in the United States ranges from 100 
to 250 millirems per year and averages 130 millirems. 

Maximum Permissible Concentrations (MPCs) of 
specific isotopes in air and water have been specified 
in the regulations, such that individuals breathing 
air or drinking water at these levels of contamination 
will not exceed the permissible radiation doses. The 
published Maximum Permissible Concentrations do 
not account for the possibility of biological recon
centration of certain isotopes, but the regulations 
call for licensees either to show that reconcentration 
is not taking place or to reduce emissions accordingly. 
The regulations also require that Maximum Permis
sible Concentrations for individual isotopes be re
vised downward when several isotopes are present in 
combination. It may be questioned whether knowl
edge of reconcentration pathways has been adequate 
to account for reconcentration properly in every case, 
and whether multiple pathways of exposure are like
ly to be adequately accounted for as the number of 
nuclear installations increases. · 

Permissible release rates at individual nuclear in
stallations in the United States have, until recently, 
been computed on the basis that the Maximum Per
missible Concentrations for public air and water sup
plies must not be exceeded at the boundary of the 
site. Since a hypothetical individual spending full 
time at the plant boundary would then barely be re
ceiving the maximum permissible dose, this approach 
incorporates a substantial margin of safety for real 
individuals who spend less than full time on the 
boundary. There can be no doubt that, for the aver
age member of the population, this margin has until 
now been far more than sufficient to compensate for 
the possibility of multiple sources of exposure. There 
is also no evidence at present to contradict the sup
position, implicit in the regulations, that restricting 
emissions of radioactivity on the basis of human ef
fects affords adequate protection also to other major 
elements in the biosphere. (This supposition does not 
seem to be true, by way of contrast, for DDT.) 

A recent change in guidelines for reactor operation 
in the United States was nevertheless brought about 
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Table 2 

Achievable Routine Emissions 

Routine MPC• Relative 
Source Isotope Release Rate (Ci/m3) 

Hazardb 
(Ci/yr) (m3/yr) 

Uranium Mill' radon-222 90 3 X 10-9 A 3 X l 010 

uranium plus daughters 1,300 2 X 10-5 W 7 X 107 

Enrichment Complex' uranium 0.02 2 X 10-5 W l X l 03 

1,000 megawatt krypton-85 315 3 X 10-7 A l X l 09 

Boiling Water xenon-133 28,000 3 X 10-7 A l X l 011 

Reactor hydrogen-3 6,000 3 X 10-3 w 2 X l 06 

iodine-131 l l X 10-10 A l X l 010 

Reprocessing Plant' krypton-85 330,000 3 X 10-7 A l X l 012 

hydrogen-3 7,000 3 X 10-3 W 2 X l 06 

hydrogen-3 3,500 2 X 10-7 A 2 X l 010 

Source: Atomic Energy Commission [8]. 

•"A" denotes MPC for oir, "W" denotes MPC for water. 

bfor example, the first entry indicates 30 billion (3 x 1010) cubic meters of air (A) per year is required to dilute the release of 90 
curies per year of radon-222 to achieve its maximum permissible concentration (MPC) of 3 billionths (3 x 10-9) of a curie per cubic 
meter of air 

'Per 1,000-megawatt reactor year serviced. 

by an extended controversy concerning the implica
tions of the permissible radiation dose for the general 
population. Those favoring tightening of the guide
lines did not argue that nuclear power facilities were 
exposing the public to 170 millirems per year per 
person, but rather that economic forces and the pro
liferation of nuclear facilities would encourage an 
approach to such exposure in the future if the regu
lations were not changed [6]. 

The hypothesis that genetic and somatic effects 
of radiation in humans occur in linear proportion to 
dose even at low exposures (accepted by the ICRP as 
a basis for recommendations) does imply serious con
sequences if large numbers of people receive 170 
millirems per year. A recent study by the National 
Academy of Sciences concluded that expo.sure of the 
entire U.S. population to 170 millirems per person 
per year above natural background would cause, in 
equilibrium, 1,100 to 27,000 cases of serious geneti
cally induced diseases annually, a 5 percent increase 
in the general "ill health" of the population, and 
3,000 to 15,000 additional cancer deaths annually 
[7]. The Academy's "most likely" estimate of 6,000 
additional cancer deaths represents an increase of 2 
percent above the spontaneous cancer death rate and 
an increase of 0.3 percent in the overall death rate 
from all causes. 

The eventual response of the Atomic Energy Com
mission to this issue was to reduce the guidelines for 
routine emissions at commercial light water reactors 
by a factor of 100 ( corresponding to an individual 

* A fuel-cladding failure is when rupture of the outer jacket 
of the nuclear fuel elements releases some of the fission 
products into the coolant. 

dose of 5 millirems per person-year at the plant 
boundary). 

Routine Emissions 

Modern commercial light water reactors of both 
varieties-the boiling water or pressurized water re
actors-can easily operate at or near the reduced 
guidelines ( assuming no major malfunctions such as 
extensive fuel-cladding failures*), and most are doing 
so [8]. A few that have been releasing some isotopes 
at 20 to 50 percent of the old guidelines have been 
given three years to achieve compliance with the 
more stringent ones. The tighter guidelines have not 
yet been extended to reactor types other than the 
light water reactors, or to stages of the fuel cycle 
other than reactor operations. 

The most difficult stage of the fuel cycle in prin
ciple is the reprocessing plant where, with existing 
technology, essentially all of the krypton-85 (half
life 10.6 years) and tritium (half-life 12.3 years) re
maining in the fuel elements is routinely released to 
the environment. Small quantities of strontium-90 
and radio-iodine are also released. 

At the one commercial reprocessing plant in the 
United States (Nuclear Fuel Services in West Valley, 
N.Y.), annual releases have been as high as 22 per
cent of the maximum permissible values for liquid 
effluent and 7 percent for gaseous effluent [8]. ** 
This plant has been operating at about one-fiftieth 
of the capacity of the large reprocessing plants pro
jected for the future, which are to service fifty 1,000-

* *This plant has been closed since 1972. The AEC says it is 
being expanded and hopes that it will be on-line by 1979. Ed. 
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megawatt reactors each. Great care will have to be 
taken in the design and operation of such plants to 
avoid significant doses to local populations. 

Another obstinate problem, although one that af
fects a much smaller population, is the accumulation 
of radon gas in underground uranium mines at con
centrations posing an established hazard to miners' 
health [9]. 

At all other stages of the nuclear fuel cycle, rou
tine emissions are more easily controlled. This is not 
to say that they always have been controlled, how
ever. For example, the processing of uranium ore to 
extract the uranium oxide produces both liquid and 
solid wastes, the latter called tailings, which contain 
radium. The mismanagement of these wastes in the 
United States in the late 1950s led to some members 
of the public in the mining regions receiving 1.5 to 3 
times the maximum permissible intake of radium in 
drinking water and, more recently, concentrations 
were still on the order of one-third of the Maximum 
Permissible Concentration in some of the streams of 
the Colorado River basin [10]. Some schools and 
homes in Grand Junction, Colorado, were construct
ed on landfill made of uranium-mill tailings, leading 
in some instances to radon concentrations inside 
these buildings in excess of the Maximum Permissible 
Concentrations. Such very careless practices should 
not and need not be repeated. 

Figures for the routine emissions that should be 
expected at nuclear facilities of various kinds, based 
on AEC data, are presented in Table 2. Emissions 
figures are given in curies (Ci), where a curie is the 
amount of an isotope that undergoes 37 billion radio
active disintegrations per second, corresponding to 
the activity of 1 gram of radium. To impart some 
meaning to these figures, a "relative hazard"* has 
been computed in the form of the volume of air or 
water (as appropriate) required to dilute the release 
to the Maximum Permissible Concentration for that 
isotope. 

Finally, some attention is warranted to the global, 
long-term accumulation of tritium and krypton-85 · 
in the atmosphere, if these long-lived isotopes con
tinue to be released in essentially the full quantities 
produced (as they are at present). Calculations based 
on AEC projections for the growth of nuclear power 
in the United States-assuming U.S. 1).Uclear genera
tion will in the future comprise one-third of the global 
total-show that the accumulated global burdens. of 
tritium and krypton-85 in the year 2,000 will not 
exceed a few percent of the Maximum Permissible 
Concentrations for these isotopes [11]. Further 
growth of nuclear power beyond that time will call 
for technological controls on the release of tritium 

*Equal numbers of curies of different isotopes are not 
equally hazardous. Weighting the number of curies of an 
isotope by dividing by its Maximum Permissible Concentra
tration CMPC) incorporates much of what is known about 
the toxicity of the particular isotope (since this information 
determines the MPC), and leads to a measure of hazard that 
is meaningful for comparisons-namely, the volume of air 
or water needed to dilute the specified number of curies of 
the specified isotope down to MPC for that isotope. 

VULNERABLE POINTS OF NUCLEAR FUEL CYCLE 

ROUTINE 
OCCURRENCES 

• radon in mines 
• surface and ground 

water contamina
tion by tailings 

• routine radiation 
release 

• routine radiation 
release 

• routine radiation 
release 

URANIUM 
MINING, MILLING 

ENRICHMENT 

ELECTRICITY 
GENERATION 

SPENT 
ELEMENTS 

REPROCESSING 

CONCENTRATED 
WASTES 

WASTE 
MANAGEMENT 

NON-ROUTINE 
OCCURRENCES 

• theft of U-235 

• theft of U-235 
in transit 

• theft of Pu, U-235 
• fire, sabotage 

• theft in transit 
• fire, accident, 

sabotage 

• accident, sabotage 
(including spent 
fuel storage area) 

• accident, sabotage 
in transit 

• fire, accident, 
sabotage, theft of 
U-235, U-233, Pu 

• accident, sabotage 
in transit 

• accident, sabotage 
• geological change 

Stages of nuclear fuel cycle where routine radiation releases 
occur and where nonroutine releases or incidents could occur. 
Arrows indicate transportation links. U = uranium, U02 = uran
ium dioxide, U, O, = uranium oxide, Pu = plutonium. 
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Although there has been no major accident to date, there have been enough serious 
malfunctions to confound the calculators of probabilities. 

and krypton, and these are evidently under develop
ment [8]. 

One can conclude that routine emissions of radio
activity from operations related to the generation of 
electricity with nuclear fission can in theory be held 
to acceptable levels for the population as a whole. I 
assume here that most people can agree that popula
tion exposures amounting to a few millirems per per
son per year-a small fraction of common geograph
ical variations in the natural background-are "ac
ceptable." Special care will have to be taken to see 
that local populations, particularly uranium miners 
and people living near fuel reprocessing plants, do 
not receive much larger doses. This may require 
legislation as well as technology: tighter working 
limits for miners should be specified and legal exclu
sion zones around reprocessing plants should be es
tablished and maintained. There is no apparent rea
son why it cannot be done. 

Unanticipated Releases 
The potential for harm associated with nuclear 

accidents or sabotage-should a major catastrophe 
of either sort actually occur-is enormous. Deferring 
for a moment the question of the probability of such 
an event, consider first the magnitude of the conse
quences. A 1,000-megawatt light water reactor after 
sustained operation contains about 12 billion curies 
of fission products, 3 billion curies of actinides, and 
10 million curies of activation products [8]. Inven
tories of the more significant isotopes, with the cor-

Table 3 

Radioactive Inventory of 1,000-Megawatt 
Light Water Reactor at Shutdown 

Inventory MPC 
Isotope Half-life• 

(curies) (Ci/m3) 

lodine-131 8 d 7.2 X 107 1 x 10-10 A 

lodine-133 20 h 1.Q X ]QB 4x10·10 A 

Strontiurn-90 28 y 5.2 X 106 3 X ]Q•? W 

Strontiurn-89 53 d 7.2 X 107 3x10·10 A 

Cesiurn·l 37 30 y 6.6 X 106 2 x 10-5 W 

Xenon-133 5 d 1.4 X ]QB 3 x 10-7 A 

Krypton-85rn 4 h 1.7 X 107 1 x 10-1 A 

Krypton-85 11 y 6.Q X 105 3 X 10-1 A 

Total fission products 1.2 X ]QlO 

Total actinides 3.lx109 

Total activation products 1.Q X 107 

Source: Atomic Energy Commission [8] and Pigford [11]. 
•d = day, h = hour, y = year. 

Relative 
Hazard 

(m3) 

7 X ]Ql? 

3 X 1017 

2 X 1013 

2 X lQ17 

3 X ]Qll 

5 X lQ14 

2 X 1014 

2 X ]Ql 2 

responding relative hazards, are shown in Table 3. 
One day after shutdown the activity is still almost 
4 billion curies. One-fourth of the iodine-131 alone, 
which is the amount generally assumed to escape in 
a completely uncontained accident, is sufficient to 
contaminate the atmosphere over the 48 coterminous 
United States up to an altitude of 10,000 meters to 
twice the Maximum Permissible Concentration for 
this isotope. Half of the strontium-90 in the reactor 
at shutdown would suffice to contaminate the annual 
freshwater runoff of the 48 coterminous states to 6 
times the Maximum Permissible Concentration [12]. 

These numbers are not to suggest that the ma
terial would actually be dispersed in this way, but 
only to communicate some feeling for the magnitude 
of the problem. The amount of material that would 
actually be released to the environment in a cata
strophic accident is very much dependent on the de
tails of the situation-amount of fuel melting, degree 
of energy release from metal-water or steam-graphite 
reactions, condition of containment structure, extent 
of function of engineered safety systems, and so on. 

The number of immediate human casualties re
sulting from a given release depends on the distribu
tion of population around the site, the degree of 
evacuation that proves possible and, especially, on 
meteorological conditions. One recent study conclud
ed that a major accident in a 700-megawatt reactor 
under atmospheric inversion conditions could have 
lethal effects up to 100 kilometers downwind in a 
strip up to 3 kilometers wide, with injuries as far as 
300 kilometers downwind [13]. Under more favor
able atmospheric conditions the area over which the 
plume would be lethal is much smaller. In addition 
to loss of life, property damage would be extensive 
and long-lived because of the long half-lives of many 
of the contaminants. Any extensive contamination 
with plutonium-239 (half-life 24,500 years) could 
be considered essentially permanent. 

The potential for major accidental releases of 
radioactivity continues to exist after the spent fuel 
elements have been removed from the reactor, as is 
illustrated in the figure. In a typical light water re
actor, one-third of the fuel is discharged and re
placed annually, amounting to about 30 metric tons 
for a 1,000-megawatt pressurized water reactor. This 
spent fuel is stored at the reactor site for about 120 
days while the short half-life activity decays. The 
activity remaining in the 30-ton batch after 120 days 
is about 125 million curies. This is divided into soine 
10 to 60 shipments for transportation in heavily 
shielded containers, by truck or rail, to a fuel re
processing plant. Thus a single shipping cask will 
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Table 4 

Radioactive Wastes in Storage After Various Decay Periods 

Curies per 1,000-megawatt Reactor-

Isotope Half-Life MPC Year after Decay 
(years) (Ci/M3l (years) 

10 100 1,000 10,000 

Strontium-90 28 3 X lQ·7 W 3,600,000 400,000 10·4 

Cesium-137 30 2 X lQ·5 W 5,000,000 630,000 5 X lQ·4 

Technetium-99 210,000 2 X lQ·4 W 450 450 450 430 

Zirconium-93 900,000 8 X lQ·4 W 110 110 110 109 

Neptunium-237 2,100,000 3 X lQ·6 W 18 18 18 18 

Plutonium-239 24,400 3 X 10-6 W 51 55• 60 108 

Source: Atomic Energy Commission [8] and Hollocher [18]. 

•The amount of plutonium-239 increases owing to production via decay of heavier isotopes. 

contain between 2 and 13 million curies of radioac
tivity, a formidable quantity should any appreciable 
fraction of it find its way into the environment. To 
render this possibility remote, shipping casks are de
signed to withstand severe accidents [8]. 

A large fuel reprocessing plant serving 50,000 
megawatts of nuclear capacity will receive about 6.2 
billion curies of radioactive materials in all each year. 
The plant will commit about half this quantity to 
temporary storage sites. The rest of the material 
either decays to stable forms during reprocessing, or 
is returned to the fuel cycle ( the uranium-235 and 
plutonium-239) or is released to the environment 
(17 million curies of tritium and krypton-85). The 
inventory in such a fuel reprocessing plant at any 
given time, then, is very large. 

Until permanent geological storage sites and/or 
temporary engineered-storage facilities are selected 
and developed, these inventories at the reprocessing 
plant sites will also be increasing rapidly with time. 
Once the waste management sites exist, formidable 
inventories of radioactivity will accumulate there as 
well. The dominant long-lived wastes for the first 
few hundred years are strontium-90 (half-life 28 
years) and cesium-137 (half-life 30 years). '.The 
amounts of these isotopes that will be in storage per 
1,000-megawatt reactor-year, 10 years and 100 years 
after generation, are shown in Table. 4, as are the 
amounts of longer-lived isotopes that govern the haz
ard at 1,000 and 10,000 years. Recall that there may 
be 3,000 such reactors in operation worldwide in the 
year 2000. 'I'he quality of control over this material 
that will be required is illustrated by noting that 0.01 
percent of the strontium-90 that will have accumu
lated in storage in the United States by the year 
2000, according to AEC projections, would suffice to 
contaminate the annual freshwater runoff from the 
48 states to twice the Maximum Permissible Con
centration. 

Needless to say, extensive engineering precautions 
have been taken to render improbable the unantici
pated release of the quantities of radioactivity dis
cussed in the foregoing paragraphs. Nevertheless, it 
is impossible at this time to attach meaningful nu
merical probabilities to the various hypothetical 
events. There are, after all, at least four classes of 
potential failure modes (in no implied order of like
lihood): 

A. Human error and/or mechanical failure in
ternal to the installation, 

B. Human error and/or mechanical failure ex
ternal to the installation ( e.g., a plane crash), 

C. Natural catastrophe (earthquake, tornado, 
tsunami), or 

D. Malicious human activity (war, sabotage, 
terrorism). 

Reactor systems themselves are extraordinarily 
complex, and neither the component-failure proba
bilities or the possible failure modes of the systems 
are known with sufficient assurance to permit a 
meaningful calculation even of the probability of a 
catastrophic event of Class A. Although there has 
been no major accident to date (in terms of loss of 
human life) at a commercial power reactor, there 
have been enough serious malfunctions to confound 
the calculators of such probabilities. For example, a 
fuel meltdown at the Fermi liquid metal fast breeder 
reactor in Detroit in 1965 exceeded the "maximum 
credible accident" for that installation [14]. 

There had been as of late 1973 less than 1,000 re
actor-years of operating experience worldwide [3]. 
Thus on the basis of experience alone, one cannot be 
sure that the probability of a catastrophic accident 
is not as high as 1/1,000 per reactor-year (although 
so high a figure seems unlikely). Moreover, much of 
the previous experience is with much smaller or other
wise much different reactors than, say, the very large 
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It is impossible to be complacent about expanded use of nuclear power with no so
lution to the management of long-lived radioactive wastes actually in hand. 

light water reactors that are coming into service to
day. It is not apparent, therefore, how much of the 
earlier experience is relevant to assessing the new ac
cident probabilities. Finally, an extended controversy 
over emergency systems for light water reactors in 
the United States has revealed major gaps and ap
parent mismanagement in the AEC's reactor-safety 
program [13, 15]. It is difficult to escape the impres
sion that, in the event of a loss-of-coolant accident, 
the emergency core-cooling systems for contempo
rary pressurized water reactors and boiling water re
actors of U.S. design might not be able to prevent 
melting of the reactor core and the subsequent 
catastrophic release of radioactivity. 

Of course, it is almost certainly possible in prin
ciple to design reactors that are inherently very safe 
against accidents I have designated Class A, even if 
some present light water reactors are not. Gas-cooled 
reactors may represent the direction (at least) in 
which such reactors are to be found: the enormous 
heat capacity of the graphite moderat.or provides an 
extended period of grace following an accidental loss 
of coolant before the fuel begins to fail. One of the 
principal problems in reactor safety is dealing with 
the heat generated by radioactive decay in the core 
even after the fission chain reaction has been shut off. 
Decay heat at shutdown amounts to about 6 percent 
of full reactor thermal power, or 180 thermal mega
watts in a 1,000 electrical megawatt (3,000 thermal 
megawatt) reactor. If the heat is not removed by 
primary or emergency coolant, this rate of heat gen
eration is sufficient to initiate irreversible core melt
ing in a light water reactor within 30 to 60 seconds 
[13]. In a high temperature gas-cooled reactor, the 
graphite moderator can soak up the decay heat for 
well over an hour before the graphite coating of the 
fuel particles begins to sublime. 

Although some of the engineering approaches to 
assuring reactor safety against Class A accidents ap
ply in some measure to Classes B to D as well, there 
are important differences. To an even greater extent 
than is true of Class A events, for example, it is pos
sible that the cause of an externally imposed disrup
tion will disable the emergency systems as well as 
the primary reactor functions. The nature of natural 
catastrophes such as earthquakes is such that it is 
virtually impossible to guarantee system integrity 
against the strongest conceivable event, although it 
may be possible to reduce the probability of failure 
to a very low level by careful construction and siting. 
Society may find it difficult, however, to decide on 
what is an acceptably low probability for an almost 
completely unacceptable event. 

It is possible, although not yet certain, that the 
probability and/or magnitude of major releases of 

radioactivity that might be associated with events 
of Classes A to Cat reactors can be reduced to toler
able levels by siting the reactors under several hun
dred feet of rock or earth fill. Preliminary studies in
dicate that the construction-cost penalty of this ap
proach would not exceed 10 percent [16]. Isolation 
from events of Class B would be virtually assured, 
and in Class Conly earthquakes would still be of con
sequence. The degree of containment against major 
releases of radioactivity by any catastrophes that 
might befall an underground reactor remains to be 
thoroughly investigated. Placing reactors under
ground, however, would seem to have considerable 
advantage over surface siting. 

Perhaps the most troublesome events of all, po
tentially, are those in Class D-the malicious dis
ruption of reactor systems through acts of war, in
surrection, sabotage or terrorism. The possibilities 
here are obvious, and I will not dwell on them in de
tail. Suffice it to say that in the event that a deter
mined and knowledgeable saboteur gains access to a 
nuclear power plant, all theoretical calculations con
cerning reactor reliability become meaningless. 

It needs only to be added that the possibility of 
catastrophic releases of radioactivity at sites other 
than the reactor itself also cannot be dismissed. Fuel 
reprocessing plants are safer than reactors in that the 
potential for internal energy release is much smaller, 
but more dangerous in that the first two lines of de
fense against radioactive release-the cladding on 
the fuel elements and the reactor pressure vessel
are not present. Siting fuel reprocessing plants un
derground may make sense. Moreover, both reactors 
and reprocessing plants may have to be guarded 
against malicious intervention with a degree of elab
orateness and concern that so far have been reserved 
for strategic weapons. 

As is the case with operations at reactors and re
processing plants, management of long-lived radio
active wastes confronts society with a situation in· 
which the routine impact can be made very small but 
the consequences of conceivable accidents are enor
mous. In the case of the wastes, moreover, the neces
sity for ironclad safeguards extends far beyond the 
life of reactors and of the people who build them. 
Many proposals for providing such safeguards have 
been put forward-from burial under Antarctic ice 
to ejection from the solar system on rockets-and 
some of these seem promising [17]. None, however, 
is yet free from substantive uncertainties and con
troversy within the technical community [18]. Cer
tainly, any approaches that require maintenance or 
continuing surveillance of storage facilities must be 
regarded as temporary expedients and not solutions, 
since the continuity of society even over 500 years 
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If a determined saboteur gains access to a nuclear power plant, all theoretical calculations become meaningless. 

can hardly be guaranteed. Over the much longer peri
ods during which technetium-99, zirconium-93 and 
the actinides remain hazardous (see Table 4), even 
geologic stability of many formations is difficult to 
assure. While it seems likely that some combination 
of approaches to these difficulties-probably incor
porating transmutation of the long-lived materials 
by neutron bombardment-will eventually prove to 
be satisfactory, it is impossible to be complacent 
about expanded use of fission with no solution ac
tually in hand. 

Whether or not reactors, reprocessing plants and 
waste-storage sites are underground and secure, the 
spent fuel and processed wastes will be vulnerable in 
transportation. This problem is compounded by the 
large number of shipments that will be in transit at 
any given time: between 10 and 60 shipmenro from 
each reactor to the reprocessing plants are needed 
per reactor year. Casks are being designed in such 
a way that an accident capable of releasing as much 
as 4,000 curies of radioactivity would be expected to 
occur, according to U.S. Department of Transporta
tion statistics, only once in 10 quadrillion cask-miles 
[8]. This is admirable, but it does not resolve the 
issue related to deliberate intervention in the acci
dent probabilities. A possible approach to this dilem
ma is the nuclear power park concept proposed by 
Alvin Weinberg [19], in which many reactors, their 
reprocessing plant and, perhaps, the waste storage 
facilities would be all clustered together in one place. 

The anticipated large-scale introduction of liquid 
metal fast breeder reactors (LMFBRs) into the global 
e1'ergy economy does not significantly alleviate any 
of the problems discussed in the foregoing para
graphs, and it aggravates some of them. Mining and 
enrichment operations per unit of delivered elec
tricity will be much reduced, but these activities en
tail only relatively modest routine emissions and no 
possibility of a truly catastrophic accident. Emergen
cy core-cooling characteristics of some breeder de-

signs seem superior to those of light water reactors 
because of the considerable ability of a "pot" of liquid 
sodium, in which the reactor core sits, to remove heat 
by natural convection even if forced flow is lost. 

Against this advantage must be weighed a num
ber of disadvantages of the liquid metal fast breeder 
reactor with respect to operating safety: a much 
higher power density than any other form of reac
tor; an operating temperature closer to the failure 
point of the fuel cladding; and a short neutron life
time, high degree of enrichment and instability 
against sodium boiling (positive void coefficient)
all of which render controlling the reactor against re
activity excursions much more difficult than is the 
case for light water reactors and thermal spectrum 
gas-cooled reactors. Finally, the economics of the 
LMFBR fuel cycle will apparently require that spent 
fuel be shipped after only 30 days cooling ( versus 
120 for light water reactors). Consequently, the ra
dioactivity and thermal power per ton of spent 
LMFBR fuel that is shipped will be about 3 times the 
corresponding figures for light water reactor fuel. 
Tons shipped per 1,000-megawatt reactor year are 
only about 20 percent less for the liquid metal fast 
breeder reactor. 

Diversion of Fissionable Material 

The problem of concern here is the diversion of 
fissionable material produced in civilian reactor pro
grams for illegitimate and destructive uses. The gen
eral problem of safeguards has received a good deal 
of attention in the literature (e.g., the Proceedings 
of the International Atomic Energy Agency's Con
ferences on the Peaceful Uses of Atomic Energy) , 
and I will by no means attempt to survey the field 
here. A number of points deserve special emphasis, 
however. 

First, the problems associated with plutonium are 
by no means restricted to the LMFBR program. It is 
perhaps not widely appreciated that a liquid metal 
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More work is required to delineate the probable effects of releases of radioactivity 
on human health and on the environment. 

fast breeder reactor produces only 1.1 to 2.2 times as 
much plutonium net per year as do today's light wa
ter reactors, the range depending on details of fuel 
composition and management. It is true that the 
plutonium produced in liquid metal fast breeder re
actors is of higher quality for weapons manufacture, 
being much lower in the percentage contamination 
by the isotope plutonium-240. At the same time, ex
perts have made known· that even the 30 percent 
plutonium-240 fraction of high-exposure light water 
reactor fuels does not preclude the use of this ma
terial for the construction of weapons [20]. (It pre
sents additional design difficulties and renders the 
yield unpredictable, but those who contemplate man
ufacturing a weapon or two for blackmail or terror
ism probably would not be deterred by these ob
stacles.) 

It is clear, therefore, that a plutonium safeguards 
problem of major proportions exists if there is a sub
stantial proliferation of either liquid metal fast 
breeder reactors or light water reactors. And, con
trary to a persistent misconception, the proliferation 
of light water reactors in the next 50 years need not 
be limited by shortage of uranium resources, even if 
no breeder reactors are deployed [21]. 

The problem of plutonium diversion is compound
ed by this material's extreme radiological toxicity, 
which means that incompetent attempts at theft 
leading to dispersal of plutonium may have drastic 
public health consequences. The Maximum Per
missible Concentration for plutonium-239 in air 
breathed by the public is 6 x 10-14 curies per cubic 
meter [5]. (This amounts to 10-12 grams per cubic 
meter.) Experiments with dogs indicate that lung 
burdens of plutonium of more than a few microcuries 
are usually fatal ( 1 microcurie of plutonium-239 
equals 16.3 micrograms), and that smaller doses 
carry a substantial chance of inducing malignancies 
[22]. This enormous toxicity suggests the possibility 
of large-scale radiological terrorism using plutonium 
-an enterprise considerably easier, in principle, 
than manufacturing a clandestine weapon. The high 
value of plutonium as a reactor fuel (about $10 per 
gram), as a weapons material and as a tool of ter
rorists will almost certainly encourage the establish
ment of a black market, with attendant potential for 
mishandling and inadvertent dispersal. 

Plutonium is, of course, not the only fissionable , 
material which could be diverted for illegitimate uses. 
It is well known that the highly enriched uranium 
used as a fuel for high temperature gas-cooled reac
tors and some liquid metal fast breeder reactors can 
be fashioned into formidable nuclear weapons, as can 
the uranium-233 produced in the thorium cycle in 
high temperature gas-cooled reactors. The critical 

masses and radiological properties of the three fis
sionable materials are summarized in Table 5. Al
though the critical-mass figures given are fo,r plutoni
um and uranium metal, it should be noted that the 
oxides, with some increase in difficulty and reduc
tion in potency, can also be used to manufacture 
weapons [20, 23]. 

The points of vulnerability to the theft of wea
pons-grade material in the fuel cycle are shown in 
the figure. Gradual internal losses at fuel reprocessing 
plants and especially fuel fabrication plants may be 
particularly difficult to control. The AEC has ad
mitted having difficulty keeping track of plutonium 
to within 1 percent per year at the present time [23]. 
One thousand light-water reactors with a total gen
erating capacity of 1 million megawatts in the United 
States in the year 2000 would be producing some 
200,000 kilograms of plutonium per year. Compari
son of this number with the critical mass (about 5 
kilograms) and the probable lethal dose (perhaps 
100 micrograms) gives some feeling for the improve
ment in accounting and control procedures that will 
be necessary before such an operation can be con
sidered practical. Some observers have claimed that, 
in a world characterized by human error and irra
tionality, the notion of manipulating such quantities 
of plutonium must not be entertained at all. 

The potential for harm associated with uranium-
235 and uranium-233, while substantially diminished 
by their much lower toxicity, should not be· under
estimated. It is perhaps not widely appreciated that 
fully enriched uranium is being used in some pres
surized water reactors today, by alternating fuel 
elements containing natural uranium with others 
containing fully enriched material in such a way as 
to give the desired average overall enrichment of 
about 3 percent [14]. Such a practice, if continued, 
adds one more point of vulnerability to diversion in 
the nuclear fuel cycle. 

Table 5 

Properties of Fissionable Materials 

1 t Critical Mass• 
so ope (kilograms) 

Plutonium-239 

Uranium-235 

Uranium-233 

5 
20 

9 

MPC air MPC water . 
(Ci/m3) (Ci/m3) Grams/Ci 

6 X 10"14 

4 X lQ·12 

4 X lQ·12 

5 X 1Q·6 

3 X 1Q·5 

3 X 1Q·5 

16 
470,000 

105 

Source: Willrich and Taylor [23]. 

•For spherical mass of material in metallic form. Different neutron
reflector materials give range of values shown. Critical masses for ox
ides instead of metals are about .50 percent greater. 
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Routine emissions of radioactivity associated with 
the operation and growth of civilian nuclear power 
systems can in principle be held to very low levels, 
although past performance in these respects has 
sometimes been deficient. Achieving the potential 
for tight control of routine emissions as the use of nu
clear power expands may require new technology in 
a few instances and will certainly require vigorous 
supervision and enforcement in all instances. The 
prospect of catastrophic, inadvertent releases of ra
dioactivity, associated with events of low but finite 
probability, is much more disturbing. 

More work is required to delineate the probable 
effects of such releases on human health and on the 
environment, and technological approaches to reduc
ing the chance and magnitude of occurrence should 
be investigated. It is difficult to argue, however, that 
any completely technological approach to this prob
lem, or to that of the diversion of plutonium and oth
er fissionable materials, can be found or trusted in a 
world characterized by human error and irrationali
ty. If this is so, the potential of nuclear fission as a 
viable, long-term energy source for mankind is in 
question. 
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Some findings and conjectures from recent research 
into environmental quality and resource development and use 

The cost of a thing is the amount'of what I will call life which is 
required to be exchanged for it, immediately or in the long run. 

H. D. Thoreau: Walden 
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The Faustian Bargain 
In its original form, this statement bore the somewhat 
abstract title, "Benefit-Cost Analysis and Unscheduled 
Events in the Nuclear Fuel Cycle." The Atomic 
Energy Commission had asked for comments on one 
of its documents, noting that environmental statements 
for a power reactor should contain a cost-benefit 
analysis which, among other things, "considers and 
balances the adverse environmental effects and the 
environmental, economic, technical and other benefits 
of the facility." In response to the invitation, Allen V. 
Kneese, director of RFF's program of studies in the 
quality of the environment, submitted the following 
remarks. 

I AM SUBMITTING this statement as a long-time 
student and practitioner of benefit-cost analysis, not 

as a specialist in nuclear energy: It is my belief that 
benefit-cost analysis cannot answer the most impor
tant policy questions associated with the desirability of 
developing a large-scale, fission-based economy. To 
expect it to do so is to ask it to bear a burden it can
not sustain. This is so because these questions are of 
a deep ethical character. Benefit-cost analyses cer
tainly cannot solve such questions and may well 
obscure them. 

These questions have to do with whether society 
should strike the Faustian bargain with atomic scien
tists and engineers, described by Alvin M. Weinberg in 
Science. If so unforgiving a technology as large-scale 
nuclear fission energy production is adopted, it will 
impose a burden of continuous monitoring and sophis
ticated management of a dangerous material, essentially 
forever. The penalty of not bearing this burden may 
be unparalleled disaster. This irreversible burden would 

be imposed even if nuclear fission were to be used 
only for a few decades, a mere instant in the pertinent 
time scales. 

Clearly, there are some major advantages in using 
nuclear fission technology, else it would not have so 
many well-intentioned and intelligent advocates. 
Residual heat is produced to a greater extent by cur
rent nuclear generating plants than by fossil fuel-fired 
ones. But, otherwise, the environmental impact of 
routine operation of the nuclear fuel cycle, inciuding 
burning the fuel in the reactor, can very likely be 
brought to a lower level than will be possible with 
fossil fuel-fired plants. This superiority may not, how
ever, extend to some forms of other alternatives, such 
as solar and geothermal energy, which have received 
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comparatively little research and 
development effort. Insofar as the 
usual market costs are concerned 
there are few published estimates of 
the costs of various alternatives 
and those which are available ar~ 
afflicted with much uncertainty. In 
general, however, the costs of nu
de~ and fossil fuel energy (when 
residuals generation in the latter is 
controlled to a high degree) do not 
seem to be so greatly different. 
Early evidence suggests that other 
as yet undeveloped alternatives 
(such as hot rock geothermal 
energy) might be economically 
attractive. 

1:Jnfortunately, the advantages of 
fission are much more readily quan
tified in the format of a benefit-cost 
analysis than are the associated 
hazards. Therefore, there exists the 
danger that the benefits may seem 
more real. Furthermore, the con
cept~al basis of benefit-cost analysis 
requires that the redistributional ef
fects of the action be, for one or 
another reason, inconsequential. 
Here we are speaking of hazards 
that ~ay affect humanity many 
~eneratJons hence and equity ques
t10~s that can ~either be neglected 
as mconsequential nor evaluated on 
any_. know~ theoretical or empirical 
basis. This means that technical 
people, be they physicists or econ
omists, cannot legitimately make 
the decision to generate such haz
ards. Our society confronts a moral 
probleI?-. of ~ ~eat profundity; in 
my opm1on, 1t 1s one of the most 
consequential that has ever faced 
mankind. In a democratic society 
the only legitimat~ means for mak
ing sue~ a choice is through the 
mechamsms of representative gov
ernment. 

For this reason, during the short 
interval ahead while dependence on 
fi~si<?n energy could still be kept 
w1thm some bounds, I believe the 
Congress should make an open and 
explicit decision about this Faustian 
bargain. This would best be done 
after full national discussion at a 
level of seriousness and detail that 
the nature of the issue demands. An 
appropriate starting point could be 
hearings before a committee of 
Congress with a broad national 
policy responsibility. Technically 
oriented or specialized committees 
would not be suitable to this task. 
The Joint Economic Committee 
might be appropriate. Another pos
sibility would be for the Congress 

to appoint a select committee to 
consi?er this an~ other large ethical 
9uest1ons associated with develop
mg technology. The newly ·estab
lished Office of Technology Assess
ment could be very useful to such a 
committee. 

MUCH HAS been written about 
hazards associated with the 

production of fission energy. Until 
recently, m~t s~atements emanating 
from the scientific community were 
very reassuring on this matter. But 
several events in the past year or 
two have reopened the issue of 
hazards and revealed it as a real 
one. I think the pertinent hazards 
can usefully be divided into two 
categories-those associated with 
the actual operation of the fuel 
cycle for power production and 
those associated with the long-term 
s~orage of radioactive waste. I will 
discuss both briefly. 

The recent failure of a small 
phys_ical te~t of emergency core 
coolmg equipment for the present 
generation of light-water reactors 
was an alarming event. This is in 
part because the failure casts doubt 
upon. w~ether the system would 
func~1on m the unlikely, but not im
possible, event it would be called 
upon in an actual energy reactor. 
But it also illustrates the great diffi
culty of forecasting behavior of 
components in this complex tech
no~ogy . where pertinent experimen
tation_ 1s always difficult and may 
sometimes be impossible. Other 
recent unscheduled events were the 
partial collapse of fuel rods in some 
reactors. 

There have long been deep but 
suppressed doubts within the scien
tific community about the adequacy 
of reactor safety research vis-a-vis 
the strong emphasis on developing 
the technology and getting plants 
on the line. In recent months the 

, 

Union of Concerned Scientists has 
called public attention to the haz
ards of nuclear fission and asked 
for a moratorium on the construction 
~f new plants and stringent operat
u~g- '?ontrols ~n existing ones. The 
d1v1s1on of opinion in the scientific 
community about a matter of such 
moment is deeply disturbing to an 
outsider. 

No doubt there are some addi
tional surprises ahead when other 
pa~ts of the fuel cycle become more 
~ctlve, particularly in transporta
tion of spent fuel elements and in 
fuel reprocessing facilities. As yet, 
there_ has bee~ essentially no com
mercia_l expenence in recycling the 
plutonmm produced in nuclear 
reactors .. Furthermore, it is my un
derstandmg that the inventory of 
plutonium in the breeder reactor 
fuel cycle will be several times 
~eater than the inventory in the 
hght-~ater reactor fuel cycle with 
plutoruum recycle. Plutonium is one 
of the deadliest substances known 
to man. The inhalation of a mil
lionth of a gram-the size of a 
gr~in of pollen-appears to be suf
ficient to cause lung cancer. 

Although it is well known in the 
nuclear community, perhaps the 
general public is unaware of the 
magnitude of the disaster which 
would occur in the event of a severe 
accident at a nuclear facility. I am 
told that if an accident occurred at 
one of today's nuclear plants re
sulting in the release of only' five 
percent of only the more volatile 
fission products, the number of 
casualties could total between 1,000 
and 10,000. The estimated range 
apparently could shift up or down 
by a factor of ten or so, depending 
on assumptions of population den
sity and meteorological conditions. 

With breeder reactors, the acci
dental release of plutonium may be 
of greater consequence than the re
lease of the more volatile fission 
products. Plutonium is one of the 
most potent respiratory carcinogens 
in ~xistence. In addition to a great 
vanety of other radioactive sub
stances, breeders will contain one 
or µiore, tons of plutonium. Whil~ 
the fraction that could be released 
following a credible accident is ex
tremely uncertain, it is clear that 
the release of only a small percent
age of this inventory would be 
equivalent to the release of all the 
volatile fission products in one of 
today's nuclear plants. Once lost to 



the environment, the plutonium not 
ingested by people in the first few 
hours following an accident would 
be around to take its toll for gener
ations to come-for tens of thou
sands of years. When one factors in 
the possibility of sabotage and war
fare, where power plants are prime 
targets not just in the United States 
but also in less developed countries 
now striving to establish a nuclear 
industry, then there is almost no 
limit to the size of the catastrophe 
one can envisage. 

It is argued that the probabilities 
of such disastrous events are so low 
that these events fall into the negli
gible risk category. Perhaps so, but 
do we really know this? Recent un
expected events raise doubts. How, 
for example, does one calculate the 
actions of a fanatical terrorist? 

The use of plutonium as an article 
of commerce and the presence of 
large quantities of plutonium in the 
nuclear fuel cycles also worries a 
number of informed persons in an
other connection. Plutonium is 
readily used in the production of 
nuclear weapons, arid governments, 
possibly even private parties, not 
now having access to such weapons 
might value it highly for this pur
pose. Although an illicit market has 
not yet been established, its value 

has been estimated to be com
parable to that of heroin (around 
$5,000 per pound). A certain num
ber of people may be tempJed 
to take great risks to obtain it. 
AEC Commissioner Larsen, among 
others, has called attention to this 
possibility. Thus, a large-scale 
fission energy economy could in
advertently contribute to the pro
liferation of nuclear weapons. These 

might fall into the hands of coun
tries with little to lose, or of mad
men, of whom we have seen several 
in high places within recent mem
ory. 

In his excellent article referred to 
above, Weinberg emphasized that 
part of the Faustian bargain is that 
to use fission technology safely, so
ciety must exercise great vigilance 
and the highest levels of quality 
control, continuously and indefi
nitely. As the fission energy eco
nomy grows, many plants will be 
built and operated in countries with 
comparatively low levels of techno
logical competence and a greater 
propensity to take risks. A much 
larger amount of transportation of 
hazardous materials will probably 
occur, and safety will become the 
province of the sea captain as well 
as the scientist. Moreover, even in 
countries with higher levels of tech
nological competence, continued 
success can lead to reduced vigi
lance. We should recall that we 
managed to incinerate three astro
nauts in a very straightforward acci
dent in an extremely high tech
nology operation where the utmost 
precautions were allegedly being 
taken. 

DEEPER MORAL questions also 
surround the storage of high

level radioactive wastes. Estimates 
of how long these waste materials 
must be isolated from the biosphere 
apparently contain major elements 
of uncertainty, but current ones 
seem to agree on "at least two 
hundred thousand years." 

Favorable consideration has been 
given to the storage of these wastes 
in salt formations, and a site for 
experimental storage was selected at 
Lyons, Kansas. This particular site 
proved to be defective. Oil com
panies had drilled the area full of 
holes, and there had also been solu
tion mining in the area which left 
behind an unknown residue of 
water. But comments of the Kansas 
Geological Survey raised far deeper 
and more general questions about 
the behavior of the pertinent forma
tions under stress and the opera
tions of geological forces on them. 
The ability of solid earth geophysics 
to predict for the time scales re
quired proves very limited. Only 
now arc geologists beginning to un
ravel the plate tectonic theory. 
Furthermore, there is the political 
factor. An increasingly informed 
and environmentally aware public 

is likely to resist the location of a 
permanent storage facility any
where. 

Because the site selected proved 
defective, and possibly in anticipa
tion of political problems, primary 
emphasis is now being placed upon 
the design of surface storage facili
ties intended to last a hundred years 
or so, while the search for a per
manent site continues. These sur
face storage sites would require 
continuous monitoring and man
agement of a most sophisticated 
kind. A complete cooling system 
breakdown would soon prove disas
trous and even greater tragedies can 
be imagined. 

Just to get an idea of the scale of 
disaster that could take place, con
sider the following scenario. Political 
factors force the federal govern
ment to rely on a single above
ground storage site for all high
level radioactive waste accumulated 
through the year 2000. Some of the 
more obvious possibilities would be 
existing storage sites like Hanford 
or Savannah, which would seem to 
be likely military targets. A tactical 
nuclear weapon hits the site and 
vaporizes a large fraction of the 
contents of this storage area. The 
weapon could come from one of the 
principal nuclear powers, a lesser 
developed country with one or 
more nuclear power plants, or it 
might be crudely fabricated by a 
terrorist organization from black
market plutonium. I am told that 
the radiation fallout from such an 
event could exceed that from all 
past nuclear testing by a factor of 
500 or so, with radiation doses ex
ceeding the annual dose from nat
ural background radiation by an 
order of magnitude. This would 
bring about a drastically unfavor
able, and long-lasting change in the 
environment of the majority of 
mankind. The exact magnitude of 
the disaster is uncertain. That mas
sive numbers of deaths might re
sult seems clear. Furthermore, by 
the year 2000, high-level wastes 
would have just begun to accumu
late. Estimates for 2020 put them 
at about three times the 2000 
figure. 

SOMETIMES, analogies are used 
to suggest that the burden 

placed upon future generations by 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

the "immortal" wastes is really 
nothing so very unusual. The Pyra
mids are cited as an instance where 
a very long-term commitment was 
made to the future and the dikes of 
Holland as one where continuous 
monitoring and maintenance are re
quired indefinitely. These examples 
do not seem at all apt. They do not 
have the same quality of irreversi
bility as the problem at hand and 
no major portions of humanity are 
dependent on them for their very 

existence. With sufficient effort the 
Pyramids could have been dis
mantled and the Pharaohs cremated 
if a changed doctrine so demanded. 
It is also worth recalling that most 
of the tombs were looted already in 
ancient times. In the 1950s the 
Dutch dikes were in fact breached 
by the North Sea. Tragic property 
losses, but no destruction of human 
life, ensued. Perhaps a more apt 
example of the scale of the Faustian 
bargain would be the irrigation sys
tem of ancient Persia. When Tamer
lane destroyed it in the 14th cen
tury, a civilization ended. 

None of these historical examples 
tell us much about the time scales 
pertinent here. One speaks of two 
hundred thousand years. Only a 
little more than one-hundredth of 
that time span has passed since the 
Parthenon was built. We know of 
no government whose life was more 
than an instant by comparison with 
the half-life of plutonium. 

It seems clear that there are 
many factors here which a benefit
cost analysis can never capture in 
quantitative, commensurable terms. 
It also seems unrealistic to claim 
that the nuclear fuel cycle will not 
sometime, somewhere experience 
major unscheduled events. These 
could range in magnitude from 

local events, like the fire at the 
Rocky Mountain Arsenal, to an ex
treme disaster affecting most of 
mankind. Whether these hazards 
are worth incurring in view of the 
benefits achieved is what Alvin 
Weinberg has referred to as a trans
scientific question. As professional 
specialists we can try to provide 
pertinent information, but we can
not legitimately make the decision, 
and it should not be left in our 
hands. 

One question I have not yet ad
dressed is whether it is in fact not 
already too late. Have we already 
accumulated such a store of high
level waste that further additions 
would only increase the risks mar
ginally? While the present waste 
(primarily from the military pro
gram plus the plutonium and highly 
enriched uranium contained in 
bombs and military stockpiles) is 
by no means insignificant, the 
answer to the question appears to 
be no. I am informed that the pro
jected high-level waste to be ac
cumulated from the civilian nuclear 
power program will contain more 
radioactivity than the military waste 
by 1980 or shortly thereafter. By 
2020 the radioactivity in the mili
tary waste would represent only a 
small percentage of the total. Never
theless, we are already faced with 
a substantial long-term waste stor
age problem. Development of a 
full-scale fission energy economy 
would add overwhelmingly to it. In 
any case, it is never too late to 
make a decision, only later. 

W HAT ARE THE benefits? 
The main benefit from near

term development of fission power 
is the avoidance of certain environ
mental impacts that would result 
from alternative energy sources. In 
addition, fission energy may have a 
slight cost edge, although this is 
somewhat controversial, especially 
in view of the low plant factors of 
the reactors actually ·in use. Far
reaching clean-up of the fuel cycle 
in the coal energy industry, includ
ing land reclamation, would require 
about a 20 percent cost increase 
over uncontrolled conditions for the 
large, new coal-fired plants. If this 
is done, fission plants would appear 
to have a clear cost edge, although 
by no means a spectacular one. The 
cost characteristics of the breeder 
that would follow the light-water 

reactors are very uncertain at this 
point. They appear, among other 
things, to still be quite contingent 
on design decisions having to do 
with safety. The dream of "power 
too cheap to meter" was exactly 
that. 

Another near-term benefit is that 
fission plants will contribute to our 
supply during the energy "crisis" 
that lies ahead for the next decade 
or so. One should take note that 
this crisis was in part caused by 
delays in getting fission plants on 
the line. Also, there seems to be a 
severe limitation in using nuclear 
plants to deal with short-term phe
nomena. Their lead time is half 
again as long as fossil fuel plants
on the order of a decade. 

The long-term advantage of fis
sion is that once the breeder is de
veloped we will have a nearly limit
less, although not necessarily cheap, 
supply of energy. This is very im
portant but it does not necessarily 
argue for a near-term introduction 
of a full-scale fission economy. Coal 
supplies are vast, at least adequate 
for a few hundred years, and we are 
beginning to learn more about how 
to cope with the "known devils" of 
coal. Oil shales and tar sands also 
are potentially very large sources of 
energy, although their exploitation 
will present problems. Geothermal 
and solar sources have hardly been 
considered but look promising. 
Scientists at the ABC's Los Alamos 
laboratory are optimistic that large 
geothermal sources can be devel
oped at low cost from deep hot 
rocks-which are almost limitless in 
supply. This of course is very un
certain since the necessary tech
nology has been only visualized. 
One of the potential benefits of 
solar energy is that its use does not 
heat the planet. In the long term 
this may be very important. 

Fusion, of course, is the greatest 
long-term hope. Recently, leaders 
of the U.S. fusion research effort 
announced that a fusion demonstra
tion reactor by the mid-1990s is 
now considered possible. Although 
there is a risk that the fusion op
tion may never be achieved, its 
promise is so great that it merits a 
truly national research and develop
ment commitment. 

A strategy that I feel merits 
sober, if not prayerful, considera
tion is to phase out the present set 
of fission reactors, put large 
amounts of resources into dealing 



with the environmental problems of 
fossil fuels, and price energy at its 
full social cost, which will help to 
limit demand growth. Possibly it 
would also turn out to be desirable 
to use a limited number of fission 
reactors to burn the present stocks 
of plutonium and thereby transform 
them into less hazardous substances. 
At the same time, the vast scientific 
resources that have developed 
around our fission program could 
be turned to work on fusion, deep 
geothermal, solar, and other large 
energy supply sources while con
tinuing research on various types of 
breeders. It seems quite possible 
that this program would result in 
the displacement of fission as the 
preferred technology for electricity 
production withiri a few decades. 
Despite the extra costs we might 
have incurred, we would then have 
reduced the possibility of large
scale energy-associated nuclear dis
aster in our time and would be leav
ing a much smaller legacy of "per
manent" hazard. On the other 

hand, we would probably have to 
suffer the presence of more short
lived undesirable substances in the 
environment in the near term. 

This strategy might fail to turn 
up an abundant clean source of 
energy in the long term. In that 
event, we would still have fission at 
hand as a developed technological 
standby, and the ethical validity of 
using it would then perhaps appear 
in quite a different light. 

We are concerned with issues of 
great moment. Benefit-cost analysis 
can supply useful inputs to the 
political process for making J?Olicy 
decisions,. but it cannot begm to 
provide a complete, answer, espe
cially to questions with such far
reaching implications for society. 
The issues should be aired fully and 
completely before a committee of 
Congress having broad policy re
sponsibilities. An explicit decision 
should then be made by the entire 
Congress as to-whether the risks are 
worth the benefits. 
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PREFACE 

As the economic and political force behind civilian nuclear power programs has increased in recent 

years, and as the prospective scale of these programs has become more obvious, so has public disagreement 

over whether Lhey are wise, necessary, or capable of solving our energy problems. 

At first much of this disagreement was of a technical character and was confined to scientific circles. 

Some experts said that we must have more nuclear power quickly and that its risks are exceedingly small; 

others, equally informed and responsible, said just the opposite. Even in a purely technical debate between 
power 

such experts, the stakes would be high: if the advocates of nuclearAwere completely right, deciding against 

them might mean giving up the only safe and practical method of providing enough energy for human develop

ment, whereas if the critics of nuclear power were completely right, deciding against them might mean adop

ting an irrevocably and fatally dangerous option while foreclosing others equally practical and more attrac

tive. And the debate is not academic or apolitical: it concerns the future of a $100,000,000,000-plus inter

national industry to which all major Governments have committed immense resources and prestige. 

Over the past few years, the nuclear debate has become part of a far wider debate about various social 

and ethical issues which the political process is well suited to address. Ordinary citizens and their rep

resentatives have begun to take up their responsibility to judge for themselves the merits of the more 

technically tinged arguments, rather than merely believing those experts who seemed most congenial or most 

authoritative. Under this public scrutiny, the official experts have often tended to come off rather badly. 

Those issues which were earlier thought to be highly technical and accessible only to experts have turned 

out to be simple in essence, and have rightly become the province of every citizen willing to become 

informed about them. Now that political discussions of nuclear power are starting to mature in several 

countries, it is time to untangle the main threads of the controversy and to lay them out in an orderly way 

for everyone--lay or expert--who was previously daunted by the size and seeming complexity of the literature. 

Nuclear power has three main kinds of specific advantages: 

+ it avoids most of the environmental effects of extracting, transporting, and burning fossil fuels1 

+ in generating electricity (but not otherwise) it largely substitutes nuclear fuels for fossil fuels, 

~ome of which are potentially subject to earlier geological or geopolitical scarcity; 

+ it is claimed to produce electricity more cheaply than fossil-fuelled power stations (though the 

validity of this claim has been challenged and appears to depend on how the bookkeeping is done). 

In contrast, critics of nuclear power adduce three kinds of concerns, some of which are also applicable 

to the large non-nuclear power stations which nuclear stations are supposed to replace: 

ENVIRONMENTAL IMPACTS that arise mainly from 

+ the risk of nuclear violence and coercion, either domestic or international, through misuse of toxic 

and explosive materials unavoidably associated with nuclear fission; 

+ the risk that human fallibility or malice will cause major failures in the containment of large 

inventories of radioactive materials; 

+ the difficulty of ensuring that geological or social contingencies will not jeopardize the isolation 

of long-lived radioactive wastes; 

+ conventional environmental insults (heat release, land-use and aesthetic impacts, etc); 

+ potential.radiobiological hazards governed by inherent scientific uncertainty (low-level radiation 

effects, lung-cancer risks from "hot particles", etc). 

SOCIOPOLITICAL IMPACTS that arise because nuclear power 

+ is a highly bureaucratized high technology that must be permanently run by a self-perpetuating (and 

probably paramilitary} technical elite, likely to be remote from much of their clientele; 

+ is large-scale and highly centralized, therefore incompatible with certain cultural or settlement 

patterns, and vulnerable to mistakes or disruption; 

+ requires social controls inconsistent with traditional civil liberties and perhaps with the 

imperatives of competitive markets; 

+ involves insensible, exotic, or long-term hazards which depart from social experience and are 

therefore difficult to subject to political judgment. 

POLICY IMPACTS that arise because nuclear power is 

+ extremely capital-intensive (so much so that no major country outside the Persian Gulf can afford 

the "all-electric all-nuclear economy"); 



extremely complex, hence inherently unreliable and subject to severe practical constraints in its 

rate of deployment; 

+ subject to some net-energy constraints which, like the two more obvious features just mentioned, 

prevent it from substituting for oil before the oil runs out; 

+ poorly matched (in a thermodynamic sense) to the kinds of energy that people commonly need, thus 

requiring extensive infrastructure and social change to make the type and pattern of energy use 

conform to those of the source of supply; 

+ poorly transferable to developing countries, and if transferred likely to bring with it some 

culture-bound values that may be inappropriate; 

+ subject to resource and technological dependence and to commercial monopoly; 

+ subject to technical uncertainties or surprises and to unique psychological handicaps which together 

make it prone to generic shutdowns in case of an accident or an unexpected type of malfunction; 

+ subject to high-consequence low-probability mishaps not readily redressed by traditional mechanisms 

such as insurance or tort liability; 

+ so demanding of scarce resources and time that it effectively forecloses all other long-term options 

(which, more modest in scale and complexity, tend to be easier to develop and demonstrate). 

The specific advantages of nuclear power have been and are now being intensively promoted in many 

fora, especially by powerful commercial forces. This attempt at a reasonably dispassionate account of a 

different perspective will, I hope, help to bring to wider public notice matters that are far too important 

to be left to experts. 

As far as I know, this is the first attempt to tell technically minded advocates of nuclear power, in 

approximately their own idiom and with rigorous enough references to support further research, why the 

critics are worried. The first edition has already led some nuclear advocates, previously unaware of these 

arguments, to reevaluate their po~itions, and this suggests that a need in promoting responsible dialogue 

has been met. But I have so framed the arguments that the lay reader who is willing to read carefully will 

be able to understand the facts and issues with only the most rudimentary prior·knowledge of nuclear power. 

More technical matters are relegated to footnotes, or so treated that they can be skipped without obscuring 

the structure of the argument. Both in technical level and in brevity, I have also borne in mind the 

special needs of legislators and civil servants, all of whom should have no trouble following the argument 

whether they are technically trained or not. 

In writing which, like this, is intended for use on both sides of the Atlantic, no orthography can 

please everyone, but I hope that my arbitrary compromise--spelling and punctuation British except for units 

of measure and the word "program", money in US dollars--will be reasonably intelligible. Units are those· 

of the Systeme International and are explained in the text where necessary, as are technical terms. The 

symbol*** represents ellipsis of a substantial section of the text quoted. 

A tew sentences from the Introduction to WorZd Energy Strategies: Faats, Issues, and Options need to 

be repeated here: 

This summary of a tangled and fast-moving field cannot present a consensus where none exists, but can 
only suggest where the merits of a dispute may lie •••• The aim ••• is to outline certain assessments and 
conclusions on which much top-level energy thinking has in recent months begun to converge, presenting 
such information, and no more, as is needed to convey a sound grasp of the subject. Such an authorita
tive statement deserves a caveat: never believe an expert. No expert can tell the whole story, nor 
avoid emotional entanglement with particular ideas. And never, never believe an expert who is trying 
to sell you something! 

I have no connection with any part of the energy industry, and have-·tried to write about nuclear power 

with the same disinterested judgment with which I hope readers will read about it. I also hope that skep

tics will take the trouble to verify the references cited, and will ensure that any errors of fact or logic 

which have escaped two stages of critical review are brought to my notice so that this exploratory manu

script, always in transition, can be further improved. 

-A& 

London, 28 February 1975 
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NUCLEAR POWER: TECHNICAL BASES FOR ETHICAL CONCERN 

AMORY B LOVINS ~/ 
INTRODUCTION 

A substantial and rapidly growing body of competent technical opinion now shares the Pugwash Confer-

ence's view1 that 

The as yet unsolved problem of waste management and the possibly unsolvable (in an absolute sense) 
problems of catastrophic releases of radioactivity and diversion of bomb grade material combine to 
create grave and justified misgivings about the vast increase in the use of nuclear power that has 
been widely predicted. The wisdom of such an increase must at the present time be seriously questioned. 

The reasoning that has led many distinguished scientists to such conclusions--contrary to those of many 

other equally competent scientists--appears not to be well understood amongst advocates of civilian nuclear 

fission technology. This is partly because the reasoning is as much ethical as technical in substance, and 

hence may appear merely polemical to those who disagree with it; but partly also because it has seldom been 

summarized .for technical persons in their own idiom. This paper attempts such a summary--necessarily brief, 

hence incomplete and somewhat conclusory, and not always able to treat issues at a length commensurate with 

their relative importance. It seeks to explore broad issues2 rather than to treat all technical details 

with sophistication and rigour, though references giving fuller treatments of specific points are noted 

throughout. Reliance mainly ?n US sources and examples is a result of nearly unique local circumstances-

independent and active critical expertise, a tradition of adversarial technical evaluation, and the opera

tion of the Freedom of Information Act--and does not imply that the issues here framed are necessarily dif

ferent in countries where these conditions are lacking or where the style of national discussion and 

decision is unlike that of the USA. 

Associated with fossil-fuel and other energy technologies, and indeed with many technologies of other 

types, are important technical and ethical issues, some of which have so far received too little public 

attention. In order to retain focus, this paper will not attempt to contrast such issues with those arising 

in fission technology, nor to explore the comparative role of nuclear power, other energy technologies, and 

conservation measures in achieving balance between energy need and supply. The author has attempted this 

in a separate and extensively annotated book3 , a few parts of which have been used without specific attribu

tion as a basis for several sections of this paper. Though both works try to clarify the grounds of dis

agreement over substantive issues, neither is a summary and analysis of all arguments on all sides. This 

paper attempts instead to explain the basis of certain salient concerns which constitute an unorthodox but 

respectable body of technical opinion: concerns which the author believes deserve earnest consideration, 

but which could be obscured if presented (inevitably with less emphasis and coherence) in the midst of a 

comprehensive survey of"all opposing views. Statements of such views are in any case available in a 

familiar and extensive literature. 

FUNDAMENTAL ISS!lli 

The very large inventories of fission and activation productst in the nuclear fuel cycle create risks 

unlike those of any other single technology. These'risks combine the geographic range of certain military 

pathogens, 'the permanence of irreversible changes in climate or in soil fertility4 , and the medical and 

moral significance of the most persistent synthetic mutagens. Because this unique combination of inherent 

t When a neutron splits the nucleus of a fissionable ("fissile") atom, two fragments called "fission 
products" are generally formed, each containing approximately half of the original nucleus. Among the 
more important fission products are strontium-90 (90sr), caesium-137 (137cs), and iodine-131 (131I). 
But a neutron can also be absorbed by a nucleus without fissioning it, thus transmuting it into a differ
ent element or making it radioactive. Structural metals, such as those used in stainless steels, can be 
"activated" in this way to form radioactive "activation products", very small amounts of ~hich may be 
transported by chemical corrosion into the liquid effluents of reactors. A more important type of activa
tion product is the series of "transuranic" elements, such as plutonium (Pu: principal isotope 2 39Pu = Pu-
239), formed when nuclei 0f very heavy elements (such as uranium) absorb neutrons without fissioning. 



1i-
hazards departs so much from our experience, we must define with special care, before we choose to incur 

these hazards, the limits of our ability to cope with them, Thus Weinberg states5 that 

••• the advent of nuclear energy poses issues of unprecedented magnitude and weight fo~ mankind. The 
half-life of Pu-239 is 24,400 years, and nothing man can do will change this. We have created 
materials that man has never seen before, that remain toxic for times much longer than -we have ever 
had experience with. We are forced, willy-nilly, to think on a time scale that exceeds Pharoah's time 
scale 10- or even 100-fold. This is indeed unprecedented in human history.***When I try to visualize 
matters from this very long-range point of view, I sometimes am concerned about our present course, 

Most fission technologists realize that they are creating new categories and magnitudes of risk; they 

respond with ingenious precautions and with highly Skilled and dedicated attention. But by stressing the 

care that they take, they avoid addressing the central question: are the safety problems of fission too 

difficult to solve? If they are, then (as Alfven's classic paper6 points out) one cannot claim that they 

are solved ·by pointing to all the efforts made to solve them. 

It is impossible to prove, save by experiment, whether or not the safety problems of widely deployed 

fission technology are too difficult to solve (according to some given definition of "solve"--a problem 

taken up in the next paragraph). ·on the contrary, in assessing the risks of a complex enterprise in which 

"no acts of God can be permitted"6 , we can only rely on analogies with other highly engineered systems whose 

potential risks are in principle several order_s of magnitude smaller and quite different in kind. Such 

analogies suggest to critics of fission technology that ultimately its safety is limited not by our care, 

ingenuity, dedication, or wealth (as has been true of all previous technologies 7), but by our inescapable 

human fallibility; limited not by our good intentions, but by gaps between intention and performance; limited 

not by our ability to solve problems on paper, but by our inability to translate paper solutions into rea_l 

events. If this view were correct, it would follow that nuclear safety is not a mere engineering problem 

that can be solved by sufficient care, but rather a wholly new type of problem that can be solved only by 

infallible people. Infallible people are not now observable in the nuclear or any other industry. 

OPPOSING PARADIGMS 

I_t may be objected that this formulation, by failing to quantify "solving the problem", is tacitly 

based on an absolutist zero-risk criterion rather than on some non-zero level of "acceptable risk". Yet 

the argument is the same whatever· low level of "acceptable risk" is assumed; the· reason is somewhat Godelian 

and abstract, but is important enough to be worth setting out explicitly. If "solving the problem" (and 

hence assessing the problem and possible solutions to it) were purely an engineering exercise .performable 

by divinely perfect automata, then the degree of human imperfection that would be tolerable in achieving a 

given level of risk could be computed with confidence. But if it is "difficult to argue ••• that any com

pletely technological approach ••• can be found and trusted in a world characterized by human error and irra

tionality"8, then it must follow that risk analysis, as a "technological approach", is itself an uncertain 

guide; hence that either nuclear risk analysts or all other persons engaged in the nuclear enterprise must 

conform to the strict standard of infallibility here proposed--because if anyone else in the enterprise 

might make a mistake, then the risk analyst must unfailingly identify, assess, and guard against that mis

take. He must overlook nothing, for the potential significance of a gap in knowledge is by definition 

unknown: hence the risk analyst cannot know the importance of his omissions--which would not be omissions 

if he knew what they were. 

This argument may be restated thus: If it were asserted that present knowledge permits assessment of 

risks and of the efficacy of countermeasures with sufficient accuracy for policy purposes, it would then 

become necessary to assert in turn that risk analysts now know how to make quantitative, arbitrarily 

detailed, and infallibly aorreat and complete calculations not merely of engineering variables (such as 

the effectiveness, reliability, and relevance of safety devices), but also of human malice and of human 

fallibility, inaluding their own. Even the most generous enthusiasts of risk analysis are not in the habit 

of making such a claim; yet it is logically necessary if their engineering paradigm is t8:internally consis

tent. (This paradox inherent in the engineering paradigm is familiar to risk analysts in another form: they 

seek to identify significant hypothetical failure modes which, if identifiable, would ex hypothesi have been 

guarded against already. They seek, too, to discover the designers' omissions; but who is to discover their 

own?) From such reasoning it would appear that those who, iq order to attain a specified level of computed 

risk, demand only partial (and presumably attainable) human infallibility must either make a technically 
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unwarranted claim of their own analytic infallibility or else concede in some measure the merit 

opposing paradigm, according to which such matters are beyond calculat~on--to an extent that is itself 

beyond calculation9 • 

Empirical evidence is relevant to risk assessment, but seems conclusive to different people in differ

ent ways. International experience of non-catastrophic errors and malfunctions at many stages of the 

nuclear fuel cycle demonstrates impressive human ingenuity in overcoming foolproof systems and in inventing 

new kinds of mistakes. Some analysts infer from this experience that des·cribing nuclear safety problems as 

"amenable to Pngineering solution" confuses the way things are with· the way we should like them to be. Yet 

other analysts fail to detect in the same events any evidence that careful precautions-cannot prevent catas

trophe--especially if aided by some luck10 • Such persons are in general technically trained and have a 

"problem-solving" orientation: they tend to perceive the world primarily as a series of technical problems 

which must ex hypothesi have technical solutions. Critics of this view tend to stress "paratechnical" 

problems--those whose solution (or lack of it) lies in the interaction of people with technology, in the 

social and psychological processes on which the implementation of technical solutions must depend. Thus 

Kendall writes11 that though "no purely technical obstacles to the safe implementation of nuclear power 

[that ar~] of a fundamental nature have been identified", pervasive mismanagement which he alleges in the 

US civilian nuclear program has raised "the possibility that controls may not be adequately developed or 

applied in spite of both the obvious need and a general ••• appreciation of the possible hazards." 

Today a vigorous dispute persists and intensifies between those who perceive engineering problems and 

those who perceive people problems as the dominant element in nuclear safety. This dispute is not a teah

niaaZ dispute and hence cannot be resolved on its technical merits; it is instead a conflict of incompat

ible paradigms. Persons learned in the technical details of nuclear engineering therefore cannot justifi

ably claim a monopoly on informed discussion of the disputed issues: it could be claimed with equal warrant 

that history, biology, psychology--even untutored common-sense--can offer as valuable an insight into 

nuclear safety as can the formal disciplines that deal with its purely technical substance. Abrahamson has 

so stated12 : "To suggest that one must be a nuclear expert to understand and judge the issues involved is 

equivalent to saying tl)at one has to be a hen in order to judge the quality of an egg." Weinberg, too, 

agrees5 that nuclear safety "is only in part a technological problem" and that solubility of such problems 

••• is a matter of opinion, not a matter of scientific fact. In the language that I have come to savor, 
these questions transcend science, belong to "trans-science"[l 3], not science.**"We as nuclear techno
logists cannot, in dealing with such trans-scientific questions, trust only our own instincts,instincts 
perhaps colored by our aspirations. 

Moreover, Weinberg tells his fellow nuclear technologists5 that "the burden of proof is upon us: it is we 

who ••• must bend every effort to visualize the problems in their full magnitude, so that if ·any appear 

insuperable we can seek out appropriate alternatives." It is not clear that these exhortations have been 

adequately heeded in the evolution of institutions charged with regulating hazardous technologies. 

SOCIAL AND INSTITUTIONAL PROBLEMS 

Some thoughtful advocates of fission ·technology, such as Weinberg5• 14• 15 , have discussed "the social 

mechanisms that seem to be required if we concede that we shall always be dealing with huge amounts of 

239Pu" 15--e.g. "a cadre that, from now on, can be counted upon to understand nuclear technology, to control 

it, to prevent accidents, prevent diversion***in pganda as well as in the USA, in Ethiopia as well as 

England. 015 While such discussions concede that "we probably ought to examine whether our social visions 

match our technological inventiveness 015 , they generally do not specify how the management goals enunciated 

are to be realized: the problems are presented as those of a whole society, rather than of individual tech

nologists who work within a social context. Kneese16 seems to focus on both social commitment and personal 

fallibility: 

••• Weinberg emphasized[J4J that part of the Faustian bargain i~ that to use fission technology safely, 
society must exercise great vigilance and the highest levels of quality control, continuously and 
indefiniteZy. As the fission energy economy grows, many plants will be built and operated in coun
tries with comparatively low levels of technological competence and a greater propensity to take risks. 
A much larger amount of transportation of hazardous materials will probably occur, and safety will 
become the province of the sea captain as well as the scientist. Moreover, even in countries with 
higher levels of technological competence, continued success can lead to reduced vigilance. We should 
recall that we managed to incinerate three astronauts in a very straightforward accident in an extremely 
high technology operation where the utmost precautions were allegedly being taken. 



suggests more directly that technologies are run by people, not by societies: 

My own judgement ••• is deeply influenced by my general estimate of human nature and behavior, and by 
my reading of history. People have to operate nuclear power-plants, no matter how much automation we 
introduce. People are forgetful, often they are irresponsible, and quite a few of them suffer from 
deep-seated irrational tendencies to hostility and violence.***! believe that the confident advocates 
of the safety of nuclear power-plants base their confidence too narrowly on the safety that is possible 
to achieve under the most favorable circumstances, over a limited period of time, with a corps of 
highly trained and dedicated personnel. If we take. a larger view of human nature and history, I believe 
that we can never expect such conditions to persist over centuries, much less over millenia. 

The fission economy imposes both personal and societal requirements of dedication and stability if 

reactor operation, waste management, safeguards, and similar enterprises are to be safely accomplished. 

During their short careers, the people who design, build, operate, and maintain fission facilities must not 

make serious mistakes, become inattentive or corrupt, disobey instructions, or the like18 , their standard 

of personal conduct must differ greatly from historical norms for the general population. Societies which 

operate or have formerly operated fission facilities, on the other hand, must continuously provide the 

tranquil circums~ances and the perennial incentives (with concomitant restrictions) under which such indi

vidual behaviour can survive and flourish. Thus such societies must not have, for example, overwhelming 

commercial or political pressures, nor social tensions that could give rise to fanatical lunatics or to 

guerrilla mov~ments or to strikes by key personnel, nor policies or involvements abroad that could make 

domestic nuclear facilities or cities a target of foreign attack (e.g. by clandestinely manufactured 

nuclear weapons from the private or public sector). Such broad social constraints--most of which would 

today be difficult to satisfy anywhere--do not appear to have been explored in much detail by advocates of 

"'technological priesthoods"'14 or of similar hypothetical mechanisms for perpetuating personal dedication 

and skill by "'creating a continuing tradition of meticulous attention to detail"' 14 

These constraints may imply, too, an unwelcome degree of homogeneity enforced by strict social controls. 

Nuclear risks can manifest themselves not only directly, e.g. as nuclear violence, but also indirectly, e.g. 

as the drastic police action with which a society threatened by nuclear violence would probably try to 

avert it. In a thoughtful recent assessment19 of the social and political implications of fission techno

logy, Geesaman and Abrahamson state: 

A complex and sophisticated society must bear the burdens of vulnerability and constraint that are 
inherent in its technologies.***One major reactor accident could change the economics and managerial 
structure of the electrical generating industry. One major incident of sabotage could lock a most 
basic industry into a paramilitary administration. One clandestine nuclear explosive could disrupt 
the total structure of our institutions. Because of worldwide social instability, it is realistic to 
anticipate such contingencies •••• The opportunity is ever present and, now, the means are becoming. 
available. The delicate relationship between strength and weakness is changing.***[T]his is the ulti
mate dilemma of fission energy: the problem of guaranteeing the necessary social stability without 
being forced to engineer society itself. Nuclear energy will place absolute constraints on our society, 
for there are certain things that absolutely must not happen. When men talk in this way, environmental 
operants, and manipulative drugs, and images of paramilitary priesthood are at the edge of their aware
ness •••• The alternative to the occasional devastation of a city may be a garrison state. 

Indeed, Speth et ai., referring to the Pugwash report1 of "'some sentiment ••• that the possibility of [nuclear 

theft is] ••• much smaller in socialist states"', comment2O , 

We believe that sentiment to be true. It is also apparent that that is the direction in which we must 
move to accommodate the nuclear industry. After having spent billions of dollars for our nuclear 
deterrent, our civilian nuclear industry might well accomplish that which our defense system is trying 
to prevent. 

Trends consistent with this opinion include semi-official US proposals1O7 to authorize miniature private 

armies21 , a Federal nuclear security force, extensive investigation and surveillance of private.citizens22 , 

infiltration of potentially threatening groups, and new Federal police powers infringing traditional civil 
23 

liberties. A recent USAEC report states: 

Various court rulings in recent years have been favorable to the protection of individual privacy and 
of individual right-to-work. These rulings have made it difficult to make a personnel background 
check •••• The AEC has requested legislation which would allow background checks of individuals with 
access to plutonium and related material accountability records. We believe that enabling legislation 
such as this is necessary to the further improvement of personnel selection practices. 

Abrahamson comments12 "'Given the means which were implemented--for example no-knock entry and search--to 

unsuccessfully control the drug traffic, we can only speculate on what will be thought necessary to deal 

with the much more serious political problems of the nuclear fuels."' Such sociopolitical impacts may be 

as profound as the environmental impacts against which they are directed. 
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Despite various analysts' emphasis on social institutions vs. personal responsibility or on indirect 

sociopolitical effects vs. direct environmental effects, the basic issue is the same: the impact of human 

fallibility or malice on highly engineered and persistently hazardous systems. It is apparently common 

ground that "fallibility problems" are likely, in the absence of strong compensatory mechanisms not yet 

identified, to become more prominent as reactors proliferate24 , salesmen outrun engineers, investment con

quers caution, routine dulls commitment, boredom replaces novelty, and less-skilled technicians take over 

(especially in countries with little technical infrastructure or tradition). 

STANDARD OF CONTAINMENT REQUIRED 

It is likewise common ground that reliable containment of radioactive-inventories deserves the most 

diligent attention. By way of illustrating the magnitudes involved, Holdren calculates8 that in a 1-GW(e)t 

light-water reactor (LWR) at equilibrium, a quarter of the 72-MCit 1311 inventory would suffice-to contami

nate the atmosphere over the 48 coterminous United States to an altitude of 10 km to twice the maximum per

missible concentration (MPC) for that isotope, and that half of the 5.2-MCi 90sr inventory would suffice to 

contaminate the annual freshwater runoff of the same area to six times the MPC. Such estimates are used not 

to suggest that such widespread and uniform dispersion would actually occur, but to stress the exquisite 

care that containment of such large inventories demands. 

Thus the consequences of an wicontrolled loss-of-coolant accident (LOCA) in a large LWR, whose fission

product inventory is of order 101° Cit, may include25 under unfavourable weather conditions an "area of 

disaster" of order 1011 m2 , with acute lethality at downwind ranges approaching several hundred km26 • If 

the emergency core cooling systems (ECCS) in a 1-GW(e) LWR worked as intended, if the radioiodine inventory 

were all volatilized and half were vented to containment in accordance with the "design-basis accident", 

but if the containment shell then failed or were deliberately breached, then half of the radioiodine inven

tory in the containment (a quarter that of the core), held up for a day (4.6-fold decay), would produce 

under moderately stable meterological conditions a cloud-centerline dose of 300 rem to an adult thyroid 

(the USAECtt sille_ limit under 10 CFR 100) at a range of 200 km27 ; the dose to a child's thyroid would be 

'\, 5 x as much28 • Though the containment and its fission-product removal systems are relied upon to atten

uate such releases by about three orders of magnitudet, it is widely conceded27, 29 that containment inte-

grity could not be maintained if the ECCS failed to work as intended and a meltdown ensued. (The integrated 

decay heat from a 1-GW(e) LWR core would suffice to melt down through an iron cylinder 3.3m in diameter and 

over 210m deep27 Melt-through at the bottom, however, is not the only nor necessarily the main mechanism 

of failure, for containment would also be severely stressed, and could plausibly be breached2B,JO, by high 

internal temperatures, by various effects involving hydrogen and perhaps carbon dioxide, and by steam explo

sions; scoping calculations27 and more detailed analyses30 are both discouraging. Moreover, a recenJ: con

tairnnent liner failure 31 casts prima fade doubt on containment integrity under LOCA conditions. There is 

substantial evidence that underground siting32 could offer improved integrity, as well as protection from 

some forms of sabotage, at small or zero extra cost, though the degree of improvement is speculative.) 

RANDOM VS. DELIBERATE FAILURES 

Most assessments of the hazards of nuclear technology assume that the probabilities of failure are 

t 1 GW(e) = 1000 MW(e) = 1,000,000 kW(e) = 1 million 'kilowatts of net electrical output, a typical size for 
a modern nuclear power station containing a single large reactor. 1 MCi = 0.001 GCi = 1000 kCi = 1,000,000 
Ci= 1 million curies; a curie is that amount of any radioactive substance which undergoes 37,000 million 
disintegrations per second, equal to the activity of 1 gram of radium. The amount of material that equals 
one curie depends on how rapidly its radioactive decay occurs, i.e. on its half-life (the time required for 
half of it to decay to another material which may or may not itself be radioac~ive). Thus plutonium-239 
c239Pu), with a half-life of 24,390 years, contains 0.0614 c~1ies per gram; 23 Pu, with a half-life of only 
86.4 years, contains 17.4 curies per gram; and iodine-131 (1 I), with a half-life of 8.05 days, contains 
about 124,000 curies per gram. Of course, the definition of a curie only counts the rate of radioactive 
decay, and says nothing about the type or energy of the radiation emitted (which determines its biological 
effects). Maximum allowed body burdens of the more dangerous radioisotopes, however, are typically measured 
in microcuries (µCi, millionths of a curie), nanocuries (nCi, billionths= 1/1,000,000,000s of a curie), or 
large numbers of picocuries (pCi, trillionths of a curie or µµCi). These quantities are separated one from 
the next by an interval of three "orders of magnitude", or three factors of ten--i. e. by a factor of 1000. 
Thus 1010 = 10 billion= 10,000 million is six orders of magnitude larger than 104 = 10,000. 

tt On 19 Jan 1975 the US Atomic Energy Commission became the Nuclear Regulatory Commission (NRC) plus about 
90% of the Energy Research and Development Administration (ERDA). 
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probabilities equal to one. This procedure may be the best that present quantitative knowledge permits, 

but it is qualitatively implausible. Abrahamson comments 12 

Thousands of aircraft crashes have occurred and they have mostly occurred as a result of deliberate 
human efforts directed to that end. Over a thousand high technology aircraft were destroyed over 
Vietnam--more than would probably be lost due to other accident sources in hundreds of years of com
mercial aviation. This obvious class of hazards is generally ignored, though politically motivated 
international hijackings, crank or kidnap domestic hijackings, and rare insurance[-Jmotivated air 
disasters ••• have drawn subliminal attention to the inherent frailty of a technology that puts hundreds 
of people in a cylinder of aluminum moving at 600 mph some seven miles up in the air •••• Fortunately 
the size and nature of the population aboard a single aircraft makes destructive intervention politi
cally unattractive. Nor is there substantial economic motivation. These fortuitous circumstances 
do far more to protect against aircraft disaster, than all the luggage scanning and human surveillance 
combined. 

As will be pointed out below in the section on safeguards, however, the incentives favouring nuclear vio

lence can far exceed those favouring aeronautical violence: for example19 , 

If a small nuclear explosion of a kiloton is conjectured, devastation over an area of one square mile 
[2.6 km2] may be expected. Population concentrations of up to· 300,000 people occur on that scale in 
this country [usA] as well as concentrations of political and economic power that are necessary for 
our function. 

and Coercl.. on33 based h f h Other forms of nuclear violence on ot er parts o t e nuclear fuel cycle can be readily 

envisaged and are already passing into public consciousness34 As Geesaman and Abrahamson note19 , 

The small quantities of material involved simplify the technology in and management for the strict 
physical containment of the material flows. Conversely, the small quantities and careful localization 
of the materials make them uniquely vulnerable to small scale disruptive events. 

The same authors point out19 that most things happen in the technological world because man wills them to 

happen. From neglecting deliberately caused failures it is but a small step to arguing that there will be 

no random failures either, because in a world without human intention there will be no reactors in which 

failures might occur. "There is a technology", they conclude12 , "of disordering order. It is a low techno

logy and it cannot be ignored.***Reality is more inclusive than the dreams of the systems analysts." 

SCOPE OF THIS PAPER 

This survey of some specific "fallibility problems" will stress unscheduled events in the nuclear fuel 

cycle. In contrast, most public attention, and most public-relations efforts by nuclear advocates, have 

tended to focus on scheduled events which, though often locally important (and·sometimes conveniently anala

gous to events in fossil-fuel cycles), are seldom proper grounds on which to base a national decision about 

the acceptability of fission technology. Such routine events, which this paper will neglect, include heat 

release and associated biological and meterological problems, visual impact, transport and land-use impacts, 

scheduled releases of noble-gas and other radioactivity from nuclear facilities 35 , exposures of transient 

nuclear workers36 , the high incidence of lung cancer among some underground uranium miners35• 37 , and the 

escape of 226Ra-bearing particles or daughter products into air and water from improperly managed uranium 

mill tailings35 The last three of these problems appear, at least historically, to be straightforward 

management problems whose resolution does not demand exotic technology. 

This paper will also neglect the low-level radiation controversy38--probably an irresolvable one owing 

to the lack of statistical significance in small populations and the lack of a control group in large popula

tions39. (It is worth noting, however, the invalidity of commonly used comparisons between external whole

body doses [chiefly gamma] from medical X-rays, natural background, etc, and internal doses [often selectively 

deposited and partly alpha] from the nuclear fuel cycle.) The essence of the low-level radiation dispute is 

that some persons say that safely has not been proved, whilst others say that harm has not been proved; both 

appear to be correct; and one must decide for oneself which position is ethically preferable40 

REACTOR SAFETY 

The defence-in-depth philosophy is expressed as several successive types of protection, and several 

successive physical barriers, against accidental releases of radioactivity: for example, activity is con

tained by (a) fuel elements, (b) the reactor vessel, and (at least in the USA) (c) the outer containment 

shell, and these barriers are intended to be (a) carefully built for reliability, protected by (b) safety 
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devices to cope with expected malfunctions, and (c) further protected by engineered safety systems to cope 

with failures in (b). In principle, correct operation of any one barrier or safety element should be able 

to prevent catastrophic releases, ,though there are exceptions in practice. This approach is logical and 

outwardly attractive, but as actually applied to systems that have received a public, independent, adver

sarial, and relatively detailed scrutiny--as is uniquely the case with LWRs in the USA41 --it seems 

defective in several respects. (This may also be true of the many other types of reactors--generally of 

lower power density--that have not received such scrutiny and that therefore cannot be discussed in 

detail here; nobody knows, though some speculate42 .) 

The sense of security which multiple backup systems afford is justified only if the links work as 

intended: to perform its function, each must be effective (properly designed and implemented), relevant 

(designed for an accident that is a sufficiently exhaustive description of the accidents that can happen), 

and reliable. The extensive and seldom-read USAEC ECCS hearing record41 contains statements by very many 

of the USAEC's senior safety experts to the effect that too little is known to give reasonable assurance 

that LWR ECCS actually have these properties. Official statements, however, contradict these doubts. 

This diversity of opinion amongst acknowledged experts in a highly technical subject has naturally given 

rise to much anxiety both within and outside the technical community, and has stimulated reviews by the 

American Physical Society and other groups43 

MAIN AREAS OF DISAGREEMENT 

Skepticism about LWR safety--and hence, by analogy, about the safety of other types of reactors 

designed under similar technical and institutional arrangements--rests partly on operating experience44 

replete with component failures, operator errors, design or construction faults45 , and violations of 

licence requirements46 , but partly also on alleged methodological flaws. Among these is the arbitrary 

use of a single-failure criteriont in systems routinely observed to exhibit multiple failures--random, 

causally connected, or common-modet. Multiple valve failures in boiling-water-reactor (BWR) overfeed 

accidents47 (a type of failure apparently not properly treated by design criteria recently prevailing) and 

failure of steam-generator tubes in pressurized-water reactors (PWRs) 48 (an event which could easily stall 

reflooding49 in a LOCA but is excluded from the design-basis accident501 appear to be examples of events 

about which technically unjustifiable assumptions have been made in accident analyses. Similar examples 

might be found in such areas of analysis as PWR steam binding, Zr-water reactions, flow blockage, core 

disruption under blowdown forces, and PWR reflooding rates. Likewise, when catastrophic failure of steel 

pressure vessels has been widely considered to be "incredible", and has hence been excluded from USAEC 

hypothetical accidents notwithstanding numerous technical uncertainties51 about long-term radiation embrit

tlement, thermal shock in a LOCA, etc, it is not reassuring to hear a senior AEC official state52 that 

such failure has not been considered because "no design was available which could withstand the consequen

ces of pressure vessel failure, so it was decided to accept the risk." 

Assertions of the effectiveness of defence-in-depth seem on occasion to rest tacitly upon a circular

ity: flaws alleged in any one of its three elements are sometimes shrugged off by cheerful reference both 

to the other two and to the alleged but unverified improbability that they will be needed--even though 

some types of failures in one element could cause failures in others53 • Thus some persons apparently 

assume that though a LOCA in a LWR is likely enough to require ECCS, it is also unlikely enough.that the 

ECCS need not necessarily be effective or reliable; for after all, is there not also a reinforced-concrete 

containment dome to prevent or reduce any "extremely unlikely" release? Such persons further stress the 

extent of operating experience free of catastrophic accident54--and then state that lesser malfunctions 

within that same experience are irrelevant owing to the reactors' age, size, etc. 

t The single-failure criterion is the assumption that only one component will fail at a time, so that in 
analysis of hypothetical accidents involving, say, the failure of one of two (or more) valves or diesel 
generators, the other(s) would be assumed to work. This assumption is rather often contradicted by 
experience44; on the other hand, the single-failure criterion is only used sometimes. Simultaneous failure 
of two or more redW1dant devices owing to a common cause is called 11 common-mode 11 failure; for example, 
redundant electrical systems may fail because of a shared design fault or a fire in a shared cable tray, 
or redundant valves may fail to close because grit from the same source has got into all of them; Common
mode failures are easy to observe but hard to predict. In one reported incident44, a sequence of 21 
failures at the Oak Ridge Research Reactor disabled all seven backup devices for a type of emergency 
cooling, each device having three redundant channels. 



Much controversy has arisen from the widespread use of mathematical simulation in lieu of empirical 

proof of the behaviour of complex systems under unusual and often poorly understood conditions. Simulated 

results sometimes appear to be administratively construed as knowledge, whereas often they are things that 

we do not really know and that the reactors may not know either. Many eminent experts, apparently includ-
. 55 . 56 

ing Weinberg , share Kendall's view that "Mathematical models cannot be used reliably to span ·1arge 

gaps in engineering knowledge, owing to the very great uncertainties that accumulate in long and unverified 

chains of inference." In LWR ECCS analysis, these uncertainties--compounded by numerous restrictive assump

tions41 and by starting data widely believed to be seriously defective (as from the FLECHT series57)--seem 

to many experts58 to be comparable to or larger than the safety margins claimed. The behaviour of crucial 

safety systems--complete systems, not simply components--has never been tested at large- or full-scale 55• 59 

and under realistic conditions, as is routine in many technologies of lower risk and complexity: as Lapp 

remarks SO , "much AEC safety research is in the future tense, whereas power reactors are in operation." 

Often empirical knowledge of essential physics is so sketchy that the common technique of adding a safety 

margin to an educated guess may or may not ensure the claimed "conservatism": conservatism depends on the 

difference between a guess and what actually happens, not on the difference between two guesses. The 

experimental and analytical problems involved, too, are ferociously difficult, and some appear to be "beyond 

the capability of engineering science"61 

In essence it is the lack of empirical verification of claimed conservatisms that underlies much 

anxiety about LWR safety, for without such evidence, criticisms cannot be refuted: but in many cases verifi

cation appears to be technically, economically, or politically impracticable, so no resolution of LWR 

safety questions is now in sight. Many of the same broad methodological questions that persist in LWR 

safety, too, have not been publicly shown to be inapplicable to other types of reactors whose detailed 

safety problems may be very different; so these designs may be expected to attract, and may merit, a 

greater measure of skeptical scrutiny than strictly technical analogy might justify. 

RELIABILITY AND RISK 

The many acknowledged·deficiencies of quality assurance programs in the USA62- 4--which has roughly 

half the world's installed nuclear capacity--do not increase confidence in LWR safety or in nuclear regula

tion. Neither does Cottrell's statement65 that LWR safety rests on an "immaculate standard of manufacture 

and quality control and on ·regular in-service inspection of the most rigorous and demanding kind", nor his 

recommendation65 (later acted upon66 by the British Government) that the UK choose some type of reactor 

"less critically dependent on human perfection". A USAEC Task Force reported64 for 30 operating LWRs 

between 1 January 1972 and 31 May 1973 

The 

••• approximately 850 abnormal occurences ••• [which] involved malfunctions or deficiencies associated 
with safety related equipment.***Many of the incidents had broad generic applicability and potentially 
significant consequences.***[This) raises a serious question regarding the current review and 
inspection practices both on the part of the nuclear industry and the AEC. 

Task Force64 did 

••• not believe that the overall incident record over the past several years, combined with the common 
mode failures that have been identified, give the required confidence level that the probability 
[random, excluding malicious intervention] for [a majorj ••• accident is 10-6 (one in a million) or 
less per reactor-year •••• CI]t is difficult at this time to assign a high degree of confidence to 
quantification of the level of risk associated with nuclear reactors. 

The recent USAEC Reactor Safety StudyJO (RSS) on LWRs is unlikely to increase this confidence; the 

preliminary results of independent review suggest that the RSS conclusions will be placed in doubt by 

orders of magnitude, for reasons illustrated in Appendix 1 to this paper. Experts in the methodology 

used have statedS?,lS?_ that its results are meaningful only in comparing similar systems, not in absolute 

magnitude, and that in such exercises the input parameters are commonly adjusted so as to yield a desired 

result. Moreover, as two senior USAEC analysts have written68 of conventional reliability analysis in 

nuclear safety: 
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(a) There is little or no concrete evidence that the [rare] events under consideration obey the laws I 
of probability that underlie the theory. There is no assurance that accident events are random in 
time or independent of each other. The intellectually satisfying idea of reliability ana.lysis is no 
more than a.hypothesis for these events; (b) (1BJn if the framework of the theory were correct, the 
values of the parameters are largely unkno~n • 
The method now generally used to predict these probabilities--cascading of probabilities of the indi- I 
vidual "failures" that make up the event--is known to be inadequate. The serious or potentially 
serious events that have occurred have been characterized by concurrent failures, usually interdepen-
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dent or causally related. ]Thus the theory's assumption of 
borne out by experience[70 • 
Despite these shortcomings, reliability analysis and, to a lesser extent, ~isk 
are used in reactor safety evaluations in the United States. 

calculation techniques 

It is difficult to reconcile such statements with others in which the then Chairman of the USAEC (inter 

aZios) relied extensively on some RSS results both before and after their publication in draft. The Direc

tor of the Safety and Reliability Directorate of the UK Atomic Energy Authority has taken71 perhaps a 

more pragmatic view of the risk of major accidents: 

••• I doubt very much whether our engineering capability can take us lower than ••• 1/1,000,000 per 
reactor year, or indeed whether we, as yet[,] have developed the capability in our technology and 
organization to achieve this figure •••• In my opinion, it is hard to show a failure rate in the 
range 1/1,000,000 to 1/10,000,000 with reasonable confidence. We need also to take into account 
errors in interpreting the designer's specifications, or errors in installation or maintenance, since 
systems are sometimes not as good as they were originally thought to be. 

Likewise, Cottrell's hope65 that "the safety of the public ••. will never be made dependent upon almost 

superhuman engineering and operational qualities" seems to acknowledge the importance of gaps between 

wish and fact. 

Many estimates of future risks from nuclear power seem to respond to criticisms of current deficiencies 

by postulating "learning curves" whereby increasing experience inevitably leads to improved reliability. 

Examples of such behaviour in other technologies can be adduced. Yet the validity of the learning-curve 

hypothesis in nuclear reliability and safety must rest on unique and well-documented causal relations, not 

on casual analogy. There is no evidence that strong "learning curves" will occur in such a complex and 

rapidly deployed technology--especially with the rapid rises in unit size that have occurred in recent 

years, but arguably even after diverse designs have been fully standardized. The US incidence of "signi

ficant events", and of such specific indicators as valve failures, has increased considerably in the past 

few years 46 Perhaps this is because the doubling time of reactor population has been much shorter than 

the doubling time of supremely competent and dedicated technicians, particularly those accustomed to the 

harsh discipline of naval-reactor quality-control programs. Some observers believe, indeed, that the 

degree of unstintingly meticulous care that nuclear power demands cannot in practice be attained within 

profit-seeking commercial enterprises, and that quasi-military (Rickoverian) stringency, together with 

direct government administration of the nuclear enterprise, may be the best hope of maintaining sufficient 

quality (unfettered by economic considerations) to achieve adequate safety and availability72• 152 Those 

who hold this view often argue that the extraordinary measures which nuclear safety requires tend to con

flict both with traditional democratic mechanisms and with the imperatives of the competitive market system. 

FAST-NEUTRON REACTORS 

The safety problems of large liquid-metal-cooled fast breeder reactors?J-5 (LMFBRs) deserve special 

mention. •Some promoters of this technology seem to be trying to persuade licensing authorities that 

severe core-disruptive accidents, whose containment apparently cannot always be assured75• 76 , are 

"incredible". Despite elaborate mathematical simulations, understanding of the basic physics of such 

accidents (especially of possible multi-stage reassemblies) is rather primitive and seems likely to remain 

so. Safety problems would be even more acute with the higher fuel rating, smaller Doppler coefficient, 

fewer delayed neutrons, shorter prompt-neutron lifetime, smaller channels, faster coolant flow, and 

more chemically reactive fuel of proposed short-doubling-tim~ breeder reactors. There is a widespread 

belief in the technical community that the technical and ethical issues associated with loading a ton or 

more of a uniquely potent respiratory carcinogen (plutonium) into a reactor whose explosive potential is 

not known with confidence, and whose accident probability is equally speculative, deserve far wider Plll;>lic 

debate 74 • 

FUEL TRANSPORT AND REPROCESSING 

The risks of fuel transport and reprocessing, though they will not be treated here in detail, seem to 

have been underestimated, particularly with respect to 134cs and 137cs release77 , improper cask construc

tion78, special hazards associated with e.g. high-temperature combustion of organic chemicals or with ammuni

tion-train or chemical explosions in railway switchyards80 , requirements for shipping short-cooled breeder 

fuel, and deliberate attempts to breach containment (especially in spent-fuel cooling ponds and in repro-



£Qing plants). It would be interesting to know the ability of both transport and reprocessing facili

ties81 to withstand the skilled application of sophisticated munitions 82--either conventional or nuclear, 

and of either military or civilian origin. (The same question applies to reactors, which seem, even if 

shut down, to be strategically important targets if attacked by tactical methods83- 4.) DeNike82 , inquiring 

into such possibilities and exploring the politics of nuclear fear, states that "The toxici~y and persis

tence of radioactive substances has radically altered the power balance between large and small social 

units"--a possibility seldom considered in the open literature and therefore the subject of much speculation, 

little of which has served to allay apprehensions. 

Geesaman and Abrahamson call attention19 to more immediate sociopolitical effects: 

Under the civilian nuclear energy program, nuclear materials will become vital elements in human 
commerce. They will be very special elements of commerce, and they will warp some of our existing 
institutLons beyond recognition. This process is already incipient in existing perceptions. 

Even now, according to l\brahamson12 , 

The concepts upon which our transportation networks are based are proving incapable of dealing with 
the movements of radioactive materials. The Association of American Railroads is refusing to shi£ 
radioactive wastes on the grounds that they are ultrahazardous. The Association is insisting [onJ 
••• special trpins, with· special crews, at reduced speeds, and with other restrictions. Do we need 
a separate railroad ·system to serve the nuclear industry? ••• Regulations dealing with transportation 
of nuclear fuels are also rapidly being made more restrictive. In its most recent change the AEC 
proposes several armed guards to escort shipments of fuels •••• [with], at least in some cases, 
orders to shoot to kill. In a time when there are relatively few shipments this may not seem ••• par
ticularly oppressive. But ••• do we want [eventually] to create private armies that operate in the 
commercial transportation sector? 

WASTE MANAGEMENT 

Persons charged with the isolation of the relatively compact but extremely toxic wastes arising in 

fuel reprocessing seem confident that they will devise ways to create a perpetually closed system-

something never before accomplished in the management of other hazardous slll;>stances, particularly those 

that can be biologically reconcentrated by orders of magnitude per trophic level once released. Such 

persons further state that their confidence is sufficient basis to warrant rapid expansion of nuclear power. 

A current technical advance which they often cite is the development of methods for prompt solidification 

of high-level liquid wastes. Such a practice could probably reduce risks arising from the sorts of 
. 85 

accidents that have already led to the loss (from temporary storage ) of nearly two million litres of 

such wastes, generally of military origin. Storage, however, is not disposal. Even with solidification, 

" ••• none of the suggested long-term solutions to the problem of permanent disposal of high-level radio

active waste is technically or economically feasible today •••• "86 

The required periods of isolation vary but are of order 103 yr for the main long-lived fission pro-
87 93 93m 99 129 135 6 8 

ducts (excepting the longer-lived Zr, Cb, Tc, I, Cs, etc) and of order 10 -10 yr for 

actinidest: perhaps the higher value for actinides because of the 237Np decay chain, whose hazard "does 

not decrease significantly in more than 10 million years" 88 (See Appendix 2 to this paper, "Transuranic 

Decay Chains".) 

Recent proposa1s89 to try to develop means for thorough separation90 of actinides from fission 

products, so that the former can be recycled and fissioned90 in reactors, may have advantages if feasible: 

most fission products, as noted above, need be isolated for shorter periods than most actinides (though 

still for a very long time) if their actinide content is truly negligible. But this approach is generally 

considered, not as the terminal stage of cleanup after abandonment of fission technology, but rather as 

part of a commitment14 to maintain reactor operation and its associated large actinide inventories for 

periods long compared with the 24,390-year half-life of the dominant isotope, 239Pu. 91 In such steady

state recycling there is also a fundamental practical problem, for actinides that are to be fissioned must 

be recycled repeatedly--probably 10-20 times--through a reactor, producing new wastes (including 

t Actinides are the family of very heavy elem~nts: actinium (Ac), thorium (Th), protactinium (Pa), 
uranium (U), neptunium (Np), plutonium (Pu), americium (Am), curium (Cm), berkelium (Bk), californium 
(Cf), and five more that are even rarer. In general, all but the first four are manmade by successive 
additions of neutrons. All actinides are radioactive, most emit alpha radiation, most have (in their 
commoner forms) relatively long half-lives, and all are very toxic, particularly if daughter products 
are taken into account (see Appendix 2). 
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JP/ 
contaminated cladding hulls and various other dilute alpha wastes) each time, and it is not clear that 

this process will significantly reduce the long-term hazards arising from the quantity and entropy of 
90 

actinides 

The central problem of disposal, especially of actinides, is that the degree of permanence required 

subjects any terrestrial disposal scheme to geological requirements 92 of which we have no experience and 

for which no responsible geologist can offer a guarantee: the time-scale is less the realm of geology than 

of theology. Terrestrial disposal must therefore be "retrievable" in case of geological contingencies92 ; 

and if it is "retrievable" to one sort of person it may be "retrievable" to others too, entailing "sur

veillance" on a time-scale far exceeding the observed life-span of human cultures. The wide array of 

technical disposal options proposed93 does not appear to meet this requirement of social longevity15 nor 

to take sufficiently into account its unique moral implications. 

It appears that medium- and low-level waste management, like the decommissioning of nuclear facilities 

(few of which are designed to facilitate it), has received too little attention. The accumulation, over 

the next few decades, of tons of highly dilute and persistent hard alpha emitters (e.g. protactinium) 

seems to give particular grounds for concern, despite the USAEC's long-overdue 11 September 1974 proposa194 

to eliminate the current practice of commercial soil burial of some transuranic wastes. 

PLUTONIUM TOXICITY 

The risks posed by the 102 -103-kg 239Pu 

elsewhere deserve special note. Despite much 

power 
inventory of every modernAreactor and by large inventories 

study95 , chiefly in animals, human plutonium toxicity is 

still not well understood. Liver, not bone, may be the critical organ for soluble Pu, and the distribu

tion of the radiation dose from an inhaled insoluble Pu particle with long pulmonary residence time is 

not now known. Aerosols of very many such particles can result from fires (plutonium metal and some com

pounds can ignite spontaneously), industrial or LMFBR accidents, weathering of plutonium-contaminated 

1 . . 96 l . d . . 97 wastes or soil, or deliberate dispersa. Competent critics , re ying on etailed lung modelling by the 

prominent Pu expert Geesaman, have argued that current ambient-Pu standards for most such aerosols are 

about five orders of magnitude too high; the critics might have gone further, but their calculations as 

they stand imply that inhalation doses whose annual radiation would be capable of inducing lung cancer in 

3.9 x 109 people could probably be contained in a piece of 239Pu less than 1 cm in diameter98 (rather 

than approximately 50 cm as current standards imply). No persuasive evidence against this gener_al thesis 

--which rests on a straightforward geometric argument and on a histopathological hypothesis consistent 

f h b d d . th . 99 I with all clinical evidence--appears so ar to ave een presente, espite several leng y reviews t 

is hard to imagine a definitive refutation that does not present a detailed cytochemical mechanism of 

radi~tion carcinogenesis; and no critic of the hot-particle hypothesis seems eager to demonstrate such 

a mechanism. 

Dispersion of Pu may be essentially permanent: aerosols fall out eventually, but data on their 

later resuspension vary over eleven orders of magnitude, leaving much room for conjecture. Escaped Pu 

can also be biologically reconcentrated in ways which, owing to its very complex chemistry, are poorly 

understood and probably stfll not all discovered. As Rose remarkslOO, "If the Tamplin and Cochran risk 

estimates turn out to be correct, nuclear fission power will need to be rethought, because the consequences 

of even a single large accident become disastrous." The same could be said for non-fission applications 

of actinides (e.g. of 238Pu, with its very high specific activity, as a heat source). Acceptance of the 

hot-particle theory would appear to heighten perceived risks from radiological terrorism82,lOl, from reduc

tion of refractoi:yfast-reactor fuel by hot sodium after clad failure, from commonly observed industrial 

exposures 102 , from aerosols of transuranic elements other than plutonium, and from Pu relea~es other than 

in reactor accidents (e.g. from the Pawling102 and Rocky Flatsl0.3 accidents or from the 1974 238Pu release 

from the Miamisburg weapons facility). More stringent Pu exposure standards would also.lack operational 

meaning and be unenforceable because the air concentrations and lung burdens involved would be all but 
98 

undetectab~e • Whether the nuclear industry could operate under such standards would depend on whether 

the burden were on the industry to prove compliance (which would be impossible) or on others to prove non

compliance (which would be presumptive but debatable). Since neither position could be strictly proved, the 

outcome would depend in detail on the language and construction of the relevant regulations. 



SAFEGUARDS 

Many experts believe that the most critical problem of civilian nuclear power is likely to be that of 

safeguarding inventories of strategic materials104 against theft105 and subsequent illicit manufacture into 

crude but convincing nuclear weaponslOl,l06- 8• The design and c~nstruction of such weapons by one or more 

enterprising and technically minded but still essentially amateur fanatics from a few kg of strategic mater

ials, plus data and materials readily available to anyone, is far easier than is commonly believedlOl,l06• 

This is true even of nonmetallic chemical forms, such as oxide powder109 , or of fissile Pu heavily contami

nated with isotopes of high spontaneous fission rate such as 240PullO-ll 2 . Though the resulting weapons 

would probably be relatively inefficient and of unpredictable yield, far more sophisticated weapons could 

be built by national or subnational groups with greater expertise, perhaps aided by any of the growing 

( f " h 1 . . d .,l O?.) thousands of persons o varying psyc o ogical attitu es formerly engaged in governmental weapons 

programs. 

Dispersal of actinides could result from deliberate acts, or from incompetent attempts at theft or 

fabrication, or from a low-yield explosion (which could release prodigious amounts of prompt radiation 

over km rangeslOl,l06 ,lOB). Terrorists not desiring the trouble and risk of actually making a bomb or a 

far simpler Pu dispersion device could merely make instead a credible but perhaps anonymous threat of 

having done so--a threat which strategic reprisals, which apply only to attributable threats, would not 

deter. Blackmail based on threats of nuclear violence has already been attempted in several countries; 

the reputable journalist Burnham has claimed106 that in 1973-4 seven plutonium bomb threats, several of. 

which are "still under investigation", were made to the US Government. The existence of analogous poten

tial for antisocial abuse of chemical and microbiological preparations does not make the more spectacular 

nuclear risks (perhaps attractive to an ex hypothesi irrational terrorist) more acceptable; nor does the 

possibility that military weapons might be stolen (e.g. from US bases overseas, where the security arrange

ments have been much criticized18) make protection of raw strategic materials less important. 

Extensive, mainly secret, and clearly inadequatelOl,l06-B,llJ measures are now taken to prevent theft 

of strategic materials in the USA: the position in other countries is less cl~ar and often more disquiet

ing114 The extensive literature of this subject shows that continual small thefts from fuel facilities 

can be made in principle undetectable, that it may take weeks or months to detect large single thefts 

(whereas theft can take minutes or hours, and making a bomb days or weeks107 ), that physical security and 

detection devices can impede but not prevent undetected thefts, that precision of inventory assay (now 

nearly l%lO?) will remain inadequate to detect losses equivalent to a large number of reflected critical 

masses, and that complex materials accountancy methods can be readily misled115 Since safeguards tech

niques concentrate on where strategic material is supposed to be rather than on where it is supposed not to 

be, they cannot tell where it has gone; recovery is likely to present great difficulties, especially after 

theft from the vulnerable transport networklOB,ll6• Unannounced diversion of civilian fuels or byproducts 

to military purposes by sovereign governments, or by factions of governments, can be effectively beyond the 

reach both of international controls and, if competently done, of detection. 

Possible nuclear thieves, or instigators of theft by agents, include terrorist groups, non-nuclear 

State$117 , lunatics, criminal syndicates, and speculators--a diverse range with some strong transnational 

connections and with a history of impressive persistence and sophistication in some past enterprises. 

Safeguards far more costly and thorough than those now applied to fissionable isotopes have failed over 

long periods to halt aircraft hijackings, bank robberies, and the black market in heroin (whose black-market 

price is comparable to the open-market price of 239Pu: nobody knows, one hopes, what 239Pu might cost in a 

demand-stimulated black market118 ). As with heroin, too, strong domestic safeguards are useless if safe

guards anywhere abroad are lax--perhaps the most discouraging aspect of the problem119• Such analogies 

suggest, and the technical literature tends to confirm, that it is impossible to prevent the theft of 

strategic materials by sufficiently determined groups whose motives "are subversive or economic" 108• 

Many analysts believe that nuclear theft can and must be made far harder than it now appears to be. 

This view may not be heeded until the potential f~r violence unavoidably latent in civilian nuclear fuel 

cycles (and much aggravated by proposed Pu recycle20' 120 and by fast-reactor fuel cycles) has actually been 

exploited somewhere121 It appears from authoritative surveyslOl,l06-B,llJ that present safeguards and the 
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improvements in them now contemplated would perhaps deter the casually curious or the incompetent, but do 

little else save to make strategic shipments more conspicuous to the seriously interested. As has been 

noted earlier, however, more effective measures would often have a serious impact on personal freedom20• 23• 

lOl,lO? through added police powers, surveillance, infiltration, personal investigations, etc, and may 

ultimately require "very strict police control of the entire world •••• This will be difficult to achieve 

and does not lead us to a very attractive future society. 0122 

NUCLEAR POWER AND PUBLIC POLICY 

The foregoing discussion of technical and ethical issues--dealing largely with the assessment of risks 

and benefits and with their distribution in time and space--has bypassed several basic policy issues of a 

more subjective character: among them, Can nuclear power solve our energy problems? Do we need it? Who 

should decide? How? 

PRACTICAL CONSTRAINTS ON EXPANSION 

The ability of fission technology to be deployed with a sustained doubling time of a few years has 

classically been taken for granted, but is now being reassessed63 as the problems of implementing and 

managing such rapid expansion are more clearly perceived. The rate and magnitude problems 3• 123- 4 of 

deploying such a complex and unforgiving technology so quickly--far more quickly than technically simpler 

technologies have ever been deployed before on such a scale--now appear formidable. Even if one neglects 

such practical constraints as shortages of materials and of skilled labour, it is evident that fission 

cannot obviate heavy dependence on fossil fuels in this century nor soon thereafter. For example, if 

total world energy conversion increases by 5% annually and if a 1-GW(e} reactor is commissioned every day, 

then in 2CXXl most of our gross primary energy will still have to come from fossil fuels, which we shall 

have to burn twice as fast as now--at a time when oil and gas, especially in the USA and EEC, will already 

have become relatively scarce3 • Even on a national scale, shifting energy dependence from fossil to fissile 

takes many decades to do--long enough to make it worth examining very closely what etse might be done 

instead over the same period (infra}. 

The extreme capital intensity of large power stations in general and nuclear ones in particular-

aggravated by large interest charges resulting from long lead-times--poses special problems for prospective 

reactor purchasers who have increasing difficulty selling utility debt in traditi~nal markets125- 6 It 

even seems likely that the rate at which total capital for all sectors can be generated or diverted will 

soon become a constraint on projected growth of the energy (especially the electrical} sector in many 

countries. Distribution among competing sectors is already constrained both politically and economically, 

and the constraints are becoming more important. If investment in the electricity-generating sector were 

restricted to some substantial fraction--say a fourth, as in the USA--of gross capital formation, some 

planned nuclear programs could not continue for long; but without such a restriction, too little capital 

would be left over to finance the non-energy growth that was to require the new electricity. Meanwhile, 

as electrical utilities try to generate their own capital, perhaps more attention should be paid to the 

following positive feedback loop, already obvious in several countries: large capital programs+ unfavour

able cash-flow+ higher consumer prices for electricity+ reduced demand+ lower revenues, idle capacity, 

and increasing debt-to-equity ratio+ higher prices for electricity etc. 

NET ENERGY CONSIDERATIONS 

Nuclear energy has traditionally been represented as an abundant and independent source of·energy that 

can promptly take over the dominant role of fossil fuels, especially oil, as their economic or geologic 

availability declines. Some persons who have superficially considered the energy inputs and outputs of 

nuclear power have supported this view. A more careful analysis by Price127 , however, based partly on a 

pioneering calculation by Chapman and Mortimer1 ~8 , has cast doubt on the ability of nuclear power to 

perform such a function. This paper will not try to duplicate Price's lucid treatment127 of principles 

and particulars, but a precis of some of his conclusions may be useful. 

The "static" net energy yield of a nuclear power station--i.e. the total net energy yield for a singte 

station, taking aii its inputs and outputs into account--has been estimated by various practitioners of the 



311--
nelscience of energy analysis129 and by others less familiar with its difficulties and conventions. All 

the estimates are unsatisfactory in varying degrees. Chapman and Mortimer, though their preliminary analy

sis128 is much the most complete available, are obliged by a paucity of data to omit some significant terms 

(nearly all of them energy inputs) and to estimate others from aggregated national statistics. Lem et al. ]JO 

use different rules and do not show the detailed derivations. Various nuclear agencies 131 consider only 

the direct process inputs to the fuel cycle, thus excluding indirect process inputs (such as the energy 

required to make materials), investment inputs (such as the energy required to make capital plant), and 

inputs other than to the fuel cycle (such as the reactor itself)--a choice of system boundary so narrow as 

to be useless for policy. The author, whose informal estimates132 have sometimes been rather inaccurately 

quoted, must (like Chapman and Mortimer128) estimate imprecisely known terms and omit others whose values 

may never be determinable133 • Terms of the former type are to be evaluated more precisely over the next 

year or two by workers in several countries. 

The Chapman-Mortimer estimate128 of static net-energy yield suggests that a single thermal reactor 

fuelled with uranium from high-grade ores can produce, over its lifetime, a maximum of about 10-15 x as 

much energy as it consumes, depending on its type. (With ores of very low grade, these energy output-to-

input ratios would range from less than one to abo•~t 6.) These preliminary values are said to be a "maxi

mum" because the underlying assumptions contain numerous conservatisms 127 A more sophisticated and realis

tic analysis would yield significantly less favourable (lower) energy ratios than these upper limits. 

Energy analysis of a single reactor is only the first step in the "dynamic" calculation of the inputs 

and outputs of a multi-reactor progr>am as a function of time. Price127 presents many important features of 

this dynamic analysis in general terms, then uses the Chapman-Mortimer data128 to explore dynamic results 

for officially proposed nuclear power programs. (He also discusses why energy analysis and economic analy-

sis do not always agree.) His main conclusions about nuclear programs can be outlined thus: 

a) The net energy yield from each reactor alone must be not merely favourable but overwhelmingly so 

in the dynamic case, because at any given time some of the energy being produced by operating reactors is 

required t~ build and fuel the new reactors that are being built to increase capacity or to replace decom

missioned reactors. Calculation shows that in the more aggressive national nuclear programs, the energy 

required for investment in new reactors continuously exceeds, sometimes by a large factor, the energy being 

produced by operating reactors. 

b) Thus in an exponentially growing nuclear program intended to double the number of reactors every 

two years or so (France) , input to the program is at least 3 x output and probably a good deal more; with 
. certain 

a doubling-time of about 2½ years (recent USA), input is virtuallyAto exceed output; with the exceptionally 

long projected doubling time of about 4.3 years (UK) or about 5 years (currently projected USA to~ 2000), 

-the energy needed for investment is at least half the program's output and perhaps more. Chapman134 sum

marizes: 

Most nuclear programmes are designed on the assumption that each additional unit of capacity will be 
available to meet future increases in consumer demand and hence reduce fossil fuel requirements. The 
dynamic energy analysis shows that this is never the case. Under the worst conditions the nuclear 
programme could either increase fossil fuel requirements or decrease the fuels available to consumers. 
Under better conditions only a fraction of the installed capacity will be available to meet consumer 
demands; the rest will be absorbed by the nuclear industry itself. 

If the net output of the program--i.e. the output available for general social purposes rather than for 

nuclear construction--is much less than the gross output, more reactors than expected will be needed to pro

duce a unit of net output, and this could be considered a cost overrun for the program. With relatively 

slow growth (e.g. 4.3-year doubling time), so that the program is producing some net energy rather than 

requiring an ever-increasing fossil-fuel subsidy, this cost overrun is likely to be 2 -4 x or more. Many 

countries, however, project such rapid growth that their programs would in~ur an increasing energy deficit. 

c) The above analysis considers only the transient problem of nuclear power dUI'ing a growth phase. The 

reactors are of course built in the expect~tion that after paying off their energy investments they will 

yield abundant energy "payback" that can provide a strategic substitute for dwindling oil supplies--though 

in fact it can only stretch oil reserves, not substitute wholly for them. Price127 points out, however, 

three difficulties with this thesis. First, if nuclear power is to substitute enough for oil to provide 

a substantial fraction of a national energy budget before the oil runs out, the growth cannot be slow or 

brief, so the net energy deficit will be large and prolonged. A sustained and energy-intensive crash 
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program of nuclear growth must be mounted at a time when energy supply is already limited; but the resulting 

cumulative energy deficit cannot be recovered until the growth abates, if then (under some circumstances it 

can never be recovered). Conversely, if this position is to be avoided, nuclear growth must be fa:r too slow 

to achieve the significant and timely oil substitution expected of it. Second, the problem cannot be evaded 

by substituting fast breeder reactors for present thermal reactors; for even if (which is doubtful) the net 

energetics of the former were far more favourable, rapid and sustained growth in thermal reactors, plus a 

very long period of simultaneous operation of fast and thermal reactors, would be required to produce plu

tonium quickly enough to fuel the new fast breeders. Third, slowing or stopping rapid nuclear growth, 

especially after it has gone on for some time, creates embarrassing recurrent transients in the supply of 

and demand for energy (and money, skills, materials, etc) that would cause substantial social and economic 

dislocation for many decades thereafter; and the quicker the initial growth--in order to obtain large 

"energy paybacks" as soon as possible--the less tractable these transients are. 

Proposed rapid growth in nuclear power may therefore create more energy problems than it solves. 

Indeed, there is probably no large-scale, high-technology new energy source that can yield net energy while 

substituting rapidly for oil unless demand is meanwhile stabilized or reduced. More detailed analyses of 

static and dynamic energy balances, and of the transient problems of abating rapid growth, are needed and 

are now beginning, but they are likely to produce conclusions even less favourable to nuclear power than the 

conservative estimates presented here127- 8• Similar estimates are of course needed for other energy techno

logies too--as shown by the recent and belated realization that some much-touted marginal fossil-fuel tech

nologies may be net consumers of energy even in the static case--but are probably not very relevant to 

nuclear policy, since there is little doubt that many commonplace fossil-fuel technologies128 and many decen

tralized "unconventional" energy technologies have much more favourable energetic properties than nuclear 

power. 

ENERGY, TECHNOLOGY, AND SOCIETY 

Whether nuclear power is necessary to meet the very different needs and aspirations of diverse peoples 

round the world is a complex question depending closely on social goals and on demand projections (and the 

credibility assigned to them). Classical high-growth projections--showing e.g. that the USA in 2000 will 

duplicate its total present electrical generating capacity every 29 months--would in most countries be dif

ficult or impossible to achieve with conventional sources. But it now appears doubtful, for many cogent 

reasons3' 123- 4• 135 unrelated to the questions raised in this paper, whether· it is either possible or desir

able to make such projections come true by any means whatever (let alone whether the projections are rational 

in the light of the emerging importance of price elasticity of electricity demand). 

In the few countries where the matter has been seriously studied, chiefly the USA, it appears135 that 

even modest efforts at energy conservation--those that are economically worthwhile, use existing technology, 

arid have no significant impact on lifestyles--would make nuclear power unnecessary; and even in the short 

term, conservation would certainly "provide breathing room so that we can gain a better understanding of 

nuclear power problems, and reach some better judgments before major new expansions of nuclear power are 

made."135 (The purely economic incentives favouring such conservation efforts are overwhelming3• 135 .) 

Indeed, on present knowledge3 it is not clear that there is any country that cannot by such means, augmented 

b 'd J . d . 1 1 136 in many cases ya wi e ~ange of non-nuclear energy technologies , fulfil liberal economic an socia goa s 

· h f th f' . lJ? · · · 1 lt t' wit out ur er recourse to ission • ~ut few countries have had much incentive to exp ore a erna ives--

including energy supply that is more decentralized138 , non-electrical, and based on sources of energy 

income3 • Most such supply and conservation options3 are technically and socially simpler than fission tech

nology; many seem to be cheaper; none has had even a hundredth of the R&D support accorded to fission, and 
122 

it is thus not surprising that most are now less fully developed, whatever their technic~l merits may be • 

Until all alternatives to fission have been explored far more thoroughly, the argument for fission as a last 

resort (rather than as a first resort) seems prematurP.. 

The powerful and continuing R&D stress on fission--especially on fast reactors--raises important ques

tions of public policy. In the USA, for example, official assessments suggest that the proposed LMFBR 

budget would suffice to develop to commercial usefulness all major new non-nuclear energy technologies. The 

wisdom of effectively foreclosing these options by diverting scarce R&D resources (both fiscal and human) 

and non-recyclable time to LMFBRs is widely questioned within the independent scientific community and, 



within the US Government. Reservations have increased since recent analyses?J,lJ9- 43have cast 

such doubt on the viability of LMFBR economics and on the validity of claims that LMFBRs must be deployed 

early and quickly. The US LMFBR program is accordingly under review in various quarters, and its continued 

high level of funding is in doubt144 • Similar programs in other countries have not yet been subjected to 

public review. 

NUCLEAR DECISION-MAKING 

Present methods of balancing the public risks and benefits of fission technology (as of many other 

technologies) have so far made poor use of the mechanisms of representative government--it is rare to find 

a country whose fission program is ever subjected to broad legislative scrutiny and debate--and seem 

grossly unsatisfactory to all parties. The US system of licensing hearings, for example, seems to some 

observers146 to be more a proforma system of hearings to license than a responsive forum of open decision

making. It appears that national decision-making mechanisms relevant to fission technology would profit 

from prompt and independent review for fairness, scope, autonomy of funding, breadth of public access and 

participation, advance availability of full public information, scope of administrative and judicial 

review of abuses, and--most important--balance of human and fiscal resources available to competing 

interests to ensure that the adversarial process yields greater public good. It is idle to offer unaided 

private citizens a theoretical right to intervene if, as Lapp estimates60 , "perhaps $500,000 is the sum 

needed to fund an adequate intervention" and if experts at e.g. National Laboratories and Federal research 

contractors are not available as consultants to intervenors. 

Informed policy decisions about fission are hampered by the absence of value-free nuclear economic 

analyses. The nuclear industry has benefited from many publicly financed "incentives" (which, as Lilienthal 

has noted147 , cost the same as subsidies but sound nicer). Yet no published audit reflects the military 

subventions, R&D subsidies, low notional interest rates, antitrust concessions, limited liability148 , and 

other unpublicized advantages that commercial fission power continues to enjoy. Skepticism about the eco

nomic advantages claimed for fission can be laid largely to this lack of objective accountancy, which goes 

considerably further than the omission of externalities (an equally common practice in fossil-fuel technolo

gies). This is not to argue that a new energy technology should never receive R&D support or other subsi

dies; only that they should appear properly in the accounts. 

Objective analyses of nuclear economics should also take account of divergence between predicted and 

observed performance. Nuclear power stations have often been bought on the assumption, and even sold on the 

warranty, that capacity factors 171 of 75% or 80% can be maintained149 for long periods, but actual capacity 

factors are often much lower. USAEC forecasts 150 assume that the capacity factor will be 40% in the first 

year of operation, 65% in the next two, 75% in the fourth through fifteenth years, and then linearly 

declining by 2%/year to 25% in the last year (year 40), yielding a lifetime average capacity factor of 

57.375%. Recently released USAEC operating statistics151 suggest, however, that even these figures are 

too sanguine, owing both to deratings from original design power and to unexpected unreliability. Analysis 

of the frequency and cause of outages suggests 152 that hard-to-repair 153 aging problems (metal fatigue, 

wear, corrosion, accumulation of dirt, etc) actually set in much sooner than expected, only a few years 

after initial "teething troubles" have been resolved; that the hoped-for 12-year plateau of 75% capacity 

factor is therefore unlikely to occur; and that the engineering lifetime may be less than the predicted 

40 years. The observed cumulative average capacity factor of all US LWRs in commercial operation up to 
151-2 

late autumn 1974 appears to be about 55% How this compares with the performance of fossil-fuelled 

stations is in dispute and depends in detail on the manner-of computat1on152 It must be borne in mind 

that reactor materials are subject not only to the thermal, mechanical, and chemical stres~es shared by 

materials in fossil-fuelled power stations, but also to intense radiation, yet must allow certain components 

to move with great reliability and precision. Maintaining this performance over several decades, despite 

the special hazards of nuclear maintenance, presents difficulties which are only now beginning to be 

properly appreciated. 

If actual capacity factor is lower than expected, the cost of providing a unit of output is higher 
152 

than expected--a hidden fo~m of cost overrun But the uniquely rapid direct escalation of nuclear 

capital costs is already a serious problem. An important recent analysis 154 of the sources of this escala-

tion interprets most of it as "the economic result of a fundamental debate on ••. the social acceptability 
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of nuclear power", and concludes that so long as controversy persists, escalation is 

and, in another decade or two, could make US nuclear power uncompetitive with coal. 

§;-
likely to continue-

Bupp et al. 154 argue, 

then, that when special legislation suppresses the usual market signals (such as insurance premia and tort 

liability) which discourage activities publicly perceived as hazardou~148 , the market will find other ways 

of reflecting political perceptions of high social cost by making such activities cost more. 

Capital costs for nuclear power today are exceptionally high even before pocr availability72• 151- 2 , 

uniquely rapid anticipated escalation of capital costs154 , and low net energy yields 127 are taken into 

account. These factors can only aggravate the grave difficulties (alluded to earlier) of finding capital 

for nuclear investment. The sums and rates involved are so large as to demand major changes in the ways 

in which societies generate and allocate capital, and to increase greatly the pressures on other sectors 

that must compete for the scarce capital. Several further problems of capital formation and allocation 

were noted above (p 13). No solution to any of these problems is now in sight. 

Amidst allegations 73• 139• 145 of abuse of cost-benefit economics in nuclear policy exercises, such a 

distinguished practitioner of the discipline as Kneese16 has cast doubt on its applicability in this sphere: 

It is my belief that benefit-cost analysis cannot answer the most important policy questions associated 
with the desirability of developing a large-scale, fission-based economy. To expect it to do so is to 
ask it to bear a burden it cannot sustain. This is so because these questions are of a deep ethical 
character. Benefit-cost analysis certainly cannot solve such questions and may well obscure them.*** 
Unfortunately, the advantages of fission are much more readily quantified in the format of a benefit
cost analysis than are the associated hazards. Therefore, there exists the danger that the benefits 
may seem more real. Furthermore, the conceptual basis of benefit-cost analysis requires that the 
redistributional effects of the action be, for one or another reason, inconsequential. Here we are 
speaking of hazards that may affect humanity many generations hence and equity questions that can 
neither be neglected as inconsequential nor evaluated on any known theoretical or empirical basis. 
This means that technical people, be they physicists or economists, cannot legitimately make the deci
sion to generate such hazards. Our society confronts a moral decision of a great profundity; in my 
opinion, it is one of the most consequential that has ever faced mankind. 

The strong ethical character of fission decisions places a special burden on governments, on the compo

sition of regulatory bodies, and on the professional responsibility155 and individual conscience of fission 

technologists. Moral acceptability can perhaps be judged in a social sense from decisions taken openly in 

political fora--though other considerations may take precedence in practice--but cannot be judged from the 

marketplace, where choices are narrowly limited and imperatives can be wholly opposed to those of unfettered 

ethical choice. Persons who argue that widespread commercial acceptance of fission technologies proves 

their safety should recall that at one time the sales of Thalidomide, too, were rapidly increasing. 

PUBLIC PARTICIPATION 

In Sweden, Norway, Denmark, the Netherlands, Japan, Spain, the USA, and other countries, public accep

tance of new technologies--especially fission--is an important policy problem. Not merely in the scientific 

community, but also in the public mind, confidence in the value of nuclear power, once widespread, is now 

rapidly eroding. It would seem appropriate in countries with_ a democratic tradition to subject to public 

scrutiny the issues underlying acceptance or rejection. Yet there seem to be four main obstacles to 

informed public discussion of the "F~ustian bargain" 14 before the irreversible de facto commitment to it 

which is now only a decade or two away--less in some countries. 

The first obstacle is the apparent unwillingness of most national authorities to foster such discussion 

of a topic which they consider either (a) too complex and technical for laymen to consider intelligently, or 

(b) more appropriate as a subject for a public-r~lations program to allay public anxiety over issues which, 

in the view of some dirigiste governments, are technically resolved beyond doubt. (Laymen may consider it 

unwise, however, for a democracy to take major decisions that ordinary citizens cannot understand, and will 

in any case challenge the theses that nuclear decisions are really in this category or turn only on settled 

questions. ) 

The second obstacle is the lack of full public information156 , much of which is nonexistent, suppressed, 

alleged (with varying persuasiveness) to be proprietary, or not conveniently available. The third obstacle 

is the lack of adversarial expertise, especially outside the USA; this is partly a result of monopoly employ

ment in countries with more limited numbers of nuclear experts. The fourth obstacle is the internal pressure 

within committed institutions157 • When many talented people have devoted their careers to a difficult and 

exciting technology which they naturally think worthwhile 158 , they tend both overtly and tacitly to dis

courage colleagues from bringing bad tidings, and in this effort they may do things as a group that they 



dream of doing individually. Members of such institutions often share, too, paradigms that may 

have little technical basis: e.g. the belief that high and rapidly rising levels of energy conversion are 

essential for social welfare and full employment--a belief that in the USA, at least, does not withstand 

careful examination135• 159 • Rational discussion in good faith between advocates and critics of fission 

technology is often impeded, too, by many advocates' unfamiliarity with recent technical literature on 

energy conservation and on alternative energy sources. Such unfamiliarity may lead otherwise competent 

persons to persist in views that are technically without merit. 

STRATEGIC OPTIONS AND CONTINGENCIES 

Advocates of fission technology would be well advised to acquaint themselves more thoroughly with the 

policy suggestions of their critics--especially those dealing with a combination of sophisticated coal 

technologies, decentralized and non-electrical technologies of energy income, and energy conservation (the 

potential for which in rich countries is far greater than is commonly realizedJJS,JGO). If taken together 

rather than piecemeal, such an approach3' 137 probably offers most countries a technically sound and 

socioeconomically attractive set of alternatives to conventional fission-based energy futures. Such alter-
, 

natives may be easier to implement than fission but would be no less exciting to develop--and far more 

useful to the majority of the world's people, whose needs are often incompatible with large-scale, high

technology, highly centralized sources. The full R&D resources of the nuclear industry would be essential 

in developing the "soft" energy options and would certainly not lie idle. Nuclear power would still 

flourish--but remotely sited, about 150 million km away. 

Institutions committed to fission would be prudent to hedge against the risk that fission might become 

politically unacceptable. This might happen in at least the following nine ways. Intensifying public 

debate (such as is now occurring, in various forms, in the USA, UK, Netherlands, New Zealand, Japan, and 

Scandinavia161 i could lead surprisingly soon to moratoria, with political and moral significance far out of 

proportion to their direct influence on e.g. international safeguards problems. Some reactor programs, 

especially LWRs and LMFBRs in the USA, appear to run a substantial risk of judicial interdict owing to 

apparent inconsistencies between promotional tendencies and statutory duties of care on the part of regula

tory authorities. A major reactor accident in the next decade or two could shut down the industry 71 , even 

in countries remote from the accident. A dramatic safeguards failure could do the same: India's 1974 

nuclear test and the proposal to deploy power reactors in the Middle East have heightened public awareness 

of the dangers of proliferation. A decision by any country to forego fission technology or a particular 

type of reactor could have profound political influence abroad--even direct technical repercussions if major 

suppliers of nuclear fuel and technology decided to terminate exports. Successful sabotage or military 

action against a nuclear facility could spur reassessment of vulnerability: before 1975, a reactor (nearing 

completion in Argentina) had been seized by a mob, another (nearing completion in New York) severely 

damaged by arson, a third (operating in Tennessee) threatened with an aircraft crash by hijackers162 , 

a fourth (operating in Illinois) apparently sabotaged in minor respects, a fifth (operating in Vermont) 

entered by an intruder who escaped after wounding the night watchman, operating UK and US reactors and a 

us fuel-fabrication facility threatened with explosions by terrorists, a Nike-Hercules base twice entered 

by persons unknown 

unclassified metal 

in a manner suggestive of reconnaissance by potential nuclear thieves 163 , and tons of 

stolen from a UK nuclear submarine base 163 Further accidents in support facilities 

or in military nuclear facilities could suggest adverse inferences about civilian nuclear safety--even 

nuclear-submarine collisions have some psychological effect. Spectacular mishaps in non-nuclear ente·r

prises (like the 1974 Flixborough explosion65 ) .could reduce public confidence in all expert reassurances 

of safety. Finally, further research on e.g. hot-particle risks (p 11) could increase perceived dangers 
JOO 

of fission accidents . 

AlfveJ22 writes: "It is ••• a mistake to concentrate energy policy on a line which initially seems 

attractive, but which in the near future may be considered obsolete and dangerous." A more cautious, delib

erate approach is clearly prudent in the case of any long-term commitment involving extremely large sums of 

sunk ca~ital: how much mere necessary it is, then, where 

technological decision is reversed after only a few decades. 

caution must be more widely recognized: 

social commitment is permanent even if the 

Alfven concludel22 that the need for such 
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Because final acceptability of fission energy cannot be taken for granted, a warning should be issued 
that large scale application of fission technology may not be a realistic solution to the world's 
energy problem. It is unwise to spend more work and money on the development and deployment of fission 
reactors, especially breeders, before the acceptability problem is- clarified. A nuclear moratorium 
[164-5] may be advisable in order to allow more time for a detailed analysis of this question. 

In short, decision-makers would be rash to commit themselves irretrievably to fission. On the contrary, 

they would be wise to explore alternatives to it while commitments of nuclear capital and generating capa

city are still modest enough to permit a change of course without major discontinuities. Such exploration 

would facilitate a prompt response if, through growing public debate or th·rough some singular event, the 

political, ethical, economic, and technical validity of fission should come to appear in a different 

light than it does today. As Weinberg15 remarks: 

It may turn out, after seriously studying the question, that one will conclude that Alfven is right-
man cannot in the very long run live with fission. What options will then be open ••• ? 

The options which will then be open--and which many competent persons believe are already more attractive 

than fission166--will be those whose serious development we begin now. 
Those options are certain to be needed eventually, for in the long run even the fission breeder 

economy cannot escape resource constraints. Faced with a choice between starting a transition to an 

economy of energy income now, when we have the fossil fuels to subsidize the transition, or later, when 

we shall not, we should do well to bear in mind the irreversibility of a commitment to nuclear power, 
ib 19 

a property unique in the evolving biological world that Geesaman and Abrahamson eloquently descr e 

Man has lived until now by the chemical sublimation of the energies of sunlight. His ancient 
evolution has been a biochemical process. Life is mediated by collective stabilities in a space 
dominated by chemical energies. Persistence stems from a biochemical wisdom that is far more 
pervasive than conscious thought. 
Nuclear energy on Earth is a result of human intelligence. Human intelligence is a meaning in 
itself, a violent life effort to transcend the old evolution and squeeze history down into a scrap 
of time. Man's efforts at science and politics are a tentative and insecure facet of that evolution. 
"Brighter than 10,000 suns" was a prophetic description of the Trinity event[,] for the Sun's primeval 
fire had burned briefly on the surface of the Earth, and the former stabilities of life, sorted out 
by the ages in a chemical world, suddenly seemed inadequate. 
We have lived consciously with nuclear energy for a generation. In that time, we have pondered it 
cautiously as if it were a sleeping giant. In our wars, we have been careful to leave it undisturbed. 
Now, when our society is fragmented and alienated, when it is threatened by a diminished stability 
and a fading sense of self-duplication, is it the proper· time to try our hand at nuclear energy? 
In this enterprise, the old reserves of evolutionary stability may be useless; and we must persist 
"as on a darkling plain" by the working of infallible intelligence alone. 

* * * 



APPENDIX 1 
SOME PRELIMINARY COMMENTS ON THE USAEC REACTOR SAFETY STUDY (Rss) 

Though severe constraints of time and money inhibit review of RSS in the depth that is urgently needed, 

several competent groups have undertaken independent assessments. A modest review effort is included in the 

American Physical Society's reactor safety inquiry, due to report in spring 1975. A more detailed review 

by a joint technical working group of the Union of Concerned Scientists and the Sierra Club is continuing; 

but in view of the premature and extensive publicity being given to the draft RSS report30 , the UCS/SC 

review group thought it necessary to publish on 24 November 1974 a preliminary report 167 of those findings 

which are expected only to be strengthened by later analysis. Fuller conclusions will be published when 

the analysis is complete. The main preliminory conclusions of the UCS/SC group are 167 , 

a) As noted by Bryan67 and supported by the General Accounting Office67 , the RSS methodology can yield 

valid results only when comparing two similar systems, not when predicting absolute failure rates for any 

one complex system. Its use for the latter purpose was abandoned in the US aerospace program over ten years 

ago because it grossly underestimated actual failure rates67 • For example, very similar methodologies, 

applied to the fourth-stage Apollo engine (a system much simpler than a modern power reactor), predicted a 

failure rate of 1 in 10,000 missions, but the observed failure rate was about 4 in 100; and similarly in 

hundreds of other instances. Somewhat more reliable ways of predicting absolute failure rates have been 

developed in the past decade by the aerospace industry, but are not mentioned or used in RSS. 

b) One reason that the RSS methodology consistently underestimates failure rates is that it cannot 

identify all the ways in which a complex system can ang~~~tually fail. For example, "approximately 20 

percent of the Apollo ground test failures and over 35 percent of the in-flight malfunctions and failures" 

were of types not identified as "credible" by intensive prior analyses sir.,ilar to RSS. Analogously, many 

"near misses" of types previously believed to be "incredible" have occurred in the nuclear industry44 ; 
46 

these unforeseen incidents, mainly involving multiple failures of safety devices , were particularly dis-

turbing to the AEC team wJu;e 1964-5 study of reactor accidents was neither published by the AEC nor mentioned 

by RSS. RSS uses a narrow data base that excludes most unusual multiple failures of this type. Moreover, 

RSS vastly simplifies and truncates its analysis in order to render it tractable, and then assumes, without 

technical justification, that the thousands of unanalyzed but allegedly "insignificant" terms are collec

tively insignificant. 

c) Another reason that RSS-style studies consistently underestimate the failure rates of complex sys

tems is that such studies cannot take account of currently unknown design errors--such as those which caused 

a large percentage of the test failures in the Atlas missile program, about half of the safety recalls of 7 

million US cars in 1973, and a significant fraction of the US reactor malfunctions in the past few years. 

In the special and controversial case of the ECcs41 , RSS assumes that 1 in 100 is a "conservative", i.e. 

overly safe, estimate of the probability that design faults render the systems ineffective; much expert 

opinion would consider only a value of 1 in 1 to be "conservative". 

d) A mistake in the RSS methodology leads to the conclusion that "common-mode failures" (where several 

redundant and supposedly independent components or systems are simultaneously disabled by some common 

cause68 ) are generally insignificant contributors to the total failure rate, whereas reactor experience 

shows them to be important or even dominant contributors compared to independent and random sequential 

failures. This RSS error strongly affects the results, both generally and through specific cases. 

e) The data available for assessing how often components and people will randomly fail are sparse, 

and have generally been construed by RSS in an optimistic way inconsistent with much empirical evidence. 

One special and important case is the RSS assumption that, contrary to much expert opinion51 , catastrophic 

failure of reactor pressure vessels is extremely unlikely. 

f) RSS has generally not considered "secondary failures"--those caused by exposing a component to 

conditions for which it was not designed--but experience shows this to be an important mode of failure in 

actual reactor accidents. 

g) For the above and other reasons, the RSS data and methodology yield absurd results when used to 

predict the likelihood of major multiple failures which have actually occurred. For example, in the case 

of a typical example of a certain class of multiple failures in boiling-water reactors, RSS calculations 
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9/ 
would yield a predicted rate of 2.5 per billion billion (lo18i reactor-years (for the 

only) or even of 2.4 per hundred billion billion billion billion (10 38). reactor-years 

major causal events 

(for all the abnormal 

events reported to have occurred); yet at ieast 15 such accidents have aiready occurred in the USA. RSS 

makes no attempt to compare the frequency of such multiple failures with its own predictions, though this 

is clearly a crucial step in trying to verify the RSS conclusions. 

h) RSS neglects all deliberate acts of noncompliance with procedures. and regulations: for example, 

sabotage from within or without, or mismanagement induced by substantial economic incentives (as when the 

managers of the Palisades reactor failed to notify the AEC that their holdup system for gaseous radioactive 

emissions was not working). The RSS conclusion that the consequences of sabotage could "of course" not 

exceed those of a major accident is demonstrably incorrect. 

i) RSS ass•JIDes in general that the sorts of serious inadvertent errors in construction and operation 

that have recently been observed will not continue to occur. 

j) RSS postulates, without support, a "learning curve" that will .allegedly improve future safety, 

and extrapolates from the two model reactors analyzed to about 100 very different reactors to be on-line by 

about 1980. (About a thousand are proposed in the USA by 2000.) 

k) RSS assumes that failure rates do not increase with time, either for a given reactor as it ages 

or for the entire industry as its rapid growth places increasing pressure on workers' dedication and compe

tence. 

1) RSS underestimates by at least a factor of four the health effects of radioactive releases in reac

tor accidents168• Many errors or questionable assumptions affect this factor: for example, the dose to the 

large lower intestine is assumed to be 2 - 100 x lower than that used by the ICRP and, in 1965, by the AEC, 

but without technical justification for the change; the latent-cancer estimates are inconsistent with the 

cited BEIR Report38 in both size and uncertainty; the population and generational terms for genetic-damage 

calculations are, by BEIR standards, mishandled; the dose-response model chosen for juvenile thyroid is in

consistent with clinical evidence; the inhalation model underestimates by a large factor the radioiodine 

doses to children; some significant health effects (non-juvenile thyroid pathology, non-specific illness 

.from whole-body doses, non-thyroid latent cancers from inhalation and selective deposition, and foetal 

effects) are wholly omitted; and in general, through treatment inconsistent with the BEIR Report, USEPA 

reports, and the ICRP-based 1965 AEC WASH-740 update, health effects in almost every category are under

stated by a significant factor. The USEPA comments168 on RSS conclude that deaths and injuries could be 

10 times higher than RSS suggests; combining the RSS radiological error of at least 4x with other obvious 

errors in computing accident consequences (e.g. (ml, (n) below) yields, according to the UCS/SC group, an 

underestimate of consequences by at least 16 x and possibly about 260 x • 

ml "The amount of radioactivity released in a given core melting accident appears to have been 

unde1;stated by as much as a factor of two." 

n) "RSS relies on prompt and effective evacuation and on shielding of exposed persons to achieve a 

~ignificant reduction of health effects. We have found RSS assumptions in this area to be inadequately 

supported and the extent of the reductions overstated. Indeed, the evacuation model and shielding assump

tions contradict one another." Thus167 , 

On the one hand, there is evacuation so effective that large numbers of people surely must be moving 
with the precision and' velocity of Patton advancing toward the Ruhr. Forty five percent of the persons 
at risk actually reach "safety" in the RSS scenario 2 hours after warning; a population presumed to be 
accomplishing this feat with no prior practice and little chance to prepare. Moreover, only 5% of them 
are in vehicles at any given ti~e. However, at the time the population caught under the airborne plume 
from the damaged reactor is being exposed to radioactivity, 90% must be assumed to be huddled in their 
cellars conservatively reducing their radiation exposure by a factor of 3 •••• It is a contused picture. 
One has a vision of two subcommittees of the RSS--one taxed to extract diligently all the benefit of 
shielding and another to get maximum mileage from evacuation. By happenstance the subcommittees 
never met .. 

o) The RSS conclusion that the probability of a ~ore melt accident isl in 17,000 per reactor-year 

is at variance with an established AEC policy on which 20 years of safety analysis and design have rested: 

that though meltdowns have very serious consequences, they are extremely unlikely--as WASH-1250 put it in 

July 1973, "so unlikely as to verge on the impossible". RSS now says that the likelihood is "somewhat" 

(i.e. 60--;-600X) higher than previously believed but that, for previously unperceived reasons, the conse

quences of a meltdown are fairly innocuous. This overturning of traditional beliefs has some specific impli

cations for policy, e.g. that offshore nuclear plants present an unacceptable hazard; but it also implies 
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founded on a basic error, is now inoperative, and must be considered incompetent. The same conclusion 

is suggested by some other new RSS findings, e.g. that the pipe breaks most to be feared are not the large 

ones on which nearly all ECCS analysis and design is based, but the small ones that have received relatively 
169 

little s~udy ; indeed, RSS says that the small pipe breaks are so much more important as contributors to 

total risk that it does not make much difference in the end whether ECCS will work or not. If this is 

correct, the thrust of a decade or more of official safety regulation in all countries has been wholly 

misdirected owing to an erroneous identification of the main source of risk. RSS and previous AEC safety 

analyses cannot both be right. 

p) RSS does not adequately explain the serious discrepancies between its results and those of earlier 

AEC studies such as BMI-191O and WASH-74O. The most puzzling divergences are with a more sophisticated 

study, the 1964-5 WASH-74O update, which RSS does not mention at all. In this unpublished exercise, senior 

AEC experts anxious to discover any possible ways to mitigate the alarming conclusions of WASH-74O (1957) 

were unsuccessful in their quest; they managed only to verify that a major accident in a large modern 

reactor could yield worst-case consequences some 40 x worse than those described, for a 1957-vintage 

reactor of 500 MW(t), in WASH-74O. (See the AEC internal memoranda quoted in Ref 167 at p 108 and Appendix 

C.) It is thus of special interest to learn why the RSS consequence estimates for a SOO~MW(t) reactor are 

, one or two orders of magnitude lower than those of WASH-74O. 

Numerous individual reviewers have also submitted to the AEC their personal comments on WASH-14OO 

(DRAFT)JO_ The author's comments 770 are perhaps typical; the main points raised include the following in 

addition to most of those listed above: 

q) RSS claims to have obtained a narrow (generally 3x) error spread in its final risk assessments. 

These are calculated from very many cascaded terms, each of which has an inherent uncertainty often of one 

or more orders of magnitude. Ordinarily these cumulative uncertainties would be expected to multiply. RSS 

has obtained a narrow final error spread, however, by applying certain elaborate statistical techniques, 

not on'ly to genuine random variables whose variation arises from effectively stoch~stic (random) processes, 

such as the weather, but also to engineering and biophysical variables whose great uncertainty arises mainly 

from lack of scientific knowledge. Thus the assumed error bands may "cover" technical uncertainty, but 

the assumed statistical distribution within those bands covers it up, introducing spurious precision into 

a system whose fundamental problem is lack of accuracy. That a number is unknown does not make it random 

nor make it a fit subject for statistical treatment. Imposing any sort of statistical error distribution 

on a range of mainly technical, mainly non-stochastic uncertainty introduces information or knowledge which 

ex hypothesi does not exist. Confidence in the accuracy of such results is unfounded. 

r) The RSS report omits a wide-ranging and multivariate sensitivity analysis for many engineering 

variables far more basic than the few demographic, meterological, and health-physics variables that are 

considered. Values have been assigned to these engineering variables through the extensive exercise of 

subjective judgment and of simplifying assumptions, owing to the lack of physical understanding and experi

mental data relevant to many important phenomena (e.g. pressure-vessel rupture under thermal shock, con

tainment failure modes and pressures, core distortion and flow blockage, destructive steam explosions, 

hydrogen generation/mixing/deflagration/detonation, etc). 

s) Comparison between failure rates assumed or predicted by RSS and those actually observed is sparse 

and difficult to interpret, particularly where calculated failure rates are given to two significant figures 

whilst observed failure rates are "rounded to the nearest order of magnitude to help cover averaging effects 

and uncertainties in data 1130 . 

t) RSS assumes that land and structures contaminated with radioactivity can be rapidly and efficiently 

decontaminated both by human effort and by natural processes. These assumptions seem unjustified, and should 

be analyzed for specific isotopes, not for all isotopes aggregated together as in RSS. Moreover, the effect 

of limiting the health-physics calculations to 45 isotopes should be assessed. 

u) The RSS evacuation assumptions are based on unpublished plans whose implementation is doubtful. 

A short warning time is also assumed. RSS analogies to non-nuclear evacuations seem psychologically invalid, 

especially in view of widespread public panic in response to a recent Scandinavian radio spoof. 

v) The RSS core-meltdown model, like other computer exercises on which RSS results rely heavily, is 
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elaborate but W1Verified; it is doubtful whether it is technically adequate to support the vast computa

tional edifice built on it. 

w) The maturity of the engineering judgment brought to bear by RSS in assigning values to highly 

W1certain physical variables should be judged in the light of past divergences between claimed and empiri

cally validated degrees of conservatism. 

x) All principal investigators and their respective contributions to RSS should be identified; the 

degree of detail in the various sections of the RSS report should be made commensurate with the importance 

of the subjects treated; numerous missing assumptions and intermediate steps should be supplied; all RSS 

working papers and memoranda should be promptly published. 

y) The RSS Summary Report (given wide public distribution) should reflect W1Certainties stated in the 

main Report. Both should reflect W1certainties and reservations expressed by the authors of appended 

engineering studies. As the UCS/SC review group comment167 , 

As one moves from the very technical material (mostly in the RSS Append.i,ces), to the assembly and 
explication of the study's results (in the report itself), to the report summary, and then to the 
AEC's interpretation of the report results, the cautionary notes, the uncertainties, the sense that 
there may be limitations to the results--all these successively drop away. What replaces these 
dwindling and vanishing cautions is increasingly forceful declarations that nuclear technology is 
benign and that this conclusion is, at last, overwhelmingly confirmed. 

z) All comments on RSS received by the AEC should be appended to the final-draft Report; quasi-adver

sarial review should be sought from ad hoc groups to be convened by the National Academy of Sciences and by 

a suitable consultant such as RAND; and existing independent reviews should be given time and fWldS to 

achieve the degree of detailed scrutiny that RSS deserves. The UCS/SC review group167 , like the author170 , 

comments on AEC procedures so far: 

Normally the release of a major technical report alleging the resolution of a national controversy 
of considerable importance would follow ••• two ••• exhaustive reviews: the first by the authors and 
internal agency advisors to the program and a second by outside reviewers following a limited release 
of a draft version of the report. Careful review procedures such as these can much reduce the possi
bility of grave error being widely disseminated as truth and can diminish the possible need for 
significant retraction or major controversy over the study's conclusions with attendant embarrassment. 
The AEC chose to bypass prudent reviews before widespread public release of the results .•• [which began] 
some seven months before the draft version of RSS was released •••• ***The AEC's premature use of the 
results to confirm the safety, and thus the public acceptability, of nuclear power, with no mention 
of the limitations expressed in the report itself, or of the even more acute defects that we have 
found, ••• is improper and wrong. 

* * * 

APPENDIX 2 
TRANSURANIC DECAY CHAINS 

The biological significance of transuranic isotopes depends not only on their chemistry, half-lives, 

and characteristic 

from their decay. 

age than 237Np and 

of 241Pu, but the 

by 237Np produces 

radiations, but also on the corresponding properties of the daughter isotopes resulting 

For this reason, 239Pu ~d its daughters may be less important for very-long-term stor

its daughters. (Some 237Np is produced by alpha decay of 241Am, itself a beta daughter 

main source of 237Np is the reaction 238u(n,2n) 237u( 8-) 237Np. Further neutron capture 

238Pu.) 

Actinides are classified into four groups according to whether their atomic mass is an even multiple 

of four--the so-called 4n group--or is expressible as 4n + 1, 4n + 2, or 4n + 3. The commonest transuranic 

nuclides are classified in the table below; there are of course others, which in practical reactor systems 

tend to be much less plentiful. In general the higher actinides are produced more profusely in high- than 

in low-burnup fuel (e.g. more in LWRs and HTGRs than in Magnox reactors). Claiborne calculates90 that 

the actinides beyond 244em, though omitted from the table below because of their small physical quantities, 

increase the total biological hazard of LWR wastes by a factor which varies with time and has a maximum 

value of about 2.5 at 104 yr. 

The table below also shows the approximate mass (kg) and activity (kCi) of the main transuranic nuc

lides present in the waste stream typically derived from reprocessing 1000 metric tons of PWR fuel, 



(We assume that the fuel is irradiated to the stan

dard PWR burnup of 33 GW(t)-days per metric ton of uranium at a specific power of about 37.5 MW(t)/T, then 

cooled for 0.3 yr, then reprocessed to produce a waste stream from which 99.5% of the fissile isotopes 

239 Pu and 241Pu, of the other Pu isotopes, and of all the U isotopes have been removed. Present recovery 

is seldom so thorough. The transuranic concentrations in a waste stream from LMFBR fuel would generally 

be larger than those for a PWR by up to an order of magnitude.) For orientation, the table also gives very 

rough projections (in metric tons and megacuries) of the annual production of each isotope by an 

installed capacity of about 3,000 GW(e), assumed to be half LWRs and half LMFBRs; many official sources 

project such a world nuclear capacity for the year 2000 or shortly thereafter. 

class nuclide approximate amount in waste stream approximate amount in annual waste stream 
from 1000 T PWR fuel (33 GW(t)-d/T from 1500 GW(e) LWRs + 1500 GW(e) LMFBRst 

U, 99.5% U,Pu recovery, . 3y deca:'J) (99. 5% U,Pu recovery,"' . 3y decay) 

k/7 kCi T MCi 

4n + 1 Np-237 482 o. 34 30 (?) 0.02 (?) 

4n + 2 Pu-238 0.82 14.1 0.15 3 

4n + 3 Pu-239 26.4 1.6 15 0.9 

4n Pu-240 10.6 2.4 6 1.2 

4n + 1 Pu-241 5 514 1.5 150 

4n + 1 Am-241 49 159 27 90 

4n + 2 Pu-242 1.8 0.007 0.9 0.003 

4n + 3 Am-243 91 18 15 3 

4n Cm-244 30 2400 3 210 

t Based on 0ECD-ENEA projections ("Radioactive Waste Management Practices in Western Europe", Paris, 
1972) which omit 237Np; the estimate for this isotope is very uncertain. Among the more plentiful 
isotopes not shown in the table are 236u (decay scheme shown below) and 242cm (a 163-day alpha 
emitter yielding 2 38Pu); for these two isotopes the respective entries in the third and fourth columns 
would b~ 22.6 kg (0.0014 kCi) and 5.13 kg (17,000 kCi). See also Blomeke et al.87. 

Note that the activity shown for each isotope excludes the activity of daughters, which may at its maximum 

for each .parent (when the short-lived isotopes are most abundant) be 1-3 orders of magnitude larger than 

for the parent alone (0RNL-TM-3548, 1971, Table 8). (Indeed, the sum of all activity for all the parents 

shown and their numerous daughters, integrated over all time, is of ord~r 1022 Ci/103 T LWR wastes, owing 

mainly to the high specific activity of polonium isotopes: fortunately, very much less activity than that 

is present at any one time.) Clearly· the actinide activity depends on the decay time allowed:· WASH-1250 

(1973), Table 4-3 shows that in a 1100-MW(e) PWR the actinide activity is 3450 MCi at shutdown, 1330 MCi 

after one day, 9.35 MCi after 30 days, 5.90 MCi after 120 days, 5.17 MCi after 1 year, and 3.27 MCi 

after 10 years. 
The complete decay chains for the principal transuranics are shown in the following table, based on the 

us Public Health Service Radiological Health Handbook (USGP0, 1970). Half-lives are given in years (y), 

days (d), hours (h), minutes (m), or seconds (s); spontaneous fission, gamma emissions, and the energy 

of alpha (a) and beta (8) emissions are not shown, though all are important. In order to emphasize the 

rate-limiting steps, decays with half-lives exceeding 1000 years have been underlined once, and decays 

with half-lives exceeding 10,000 years have been underlined twice •. Only the principal decay modes are 

shown: an asterisk indicates a decay mode to which a less probable alternative exists, yielding a differ

ent product whose daughter is identical to the daughter of the product shown (i.e. each branch from the 

main decay chain returns to it after one variant step). 

4n + 1 series: 

4n + 2 series: 

4n + 3 series: 

237Np(2.14 x 106y a) 233Pa(27d si 233u(l.62 x 105y ai 229Th(7340y a) 225Ra(14.8d Bl 

225Ac(10d ai 221Fr(4.8m a) 217At(0.032s a) 213Bi(47m 8*) 213Po(4.2µs ai 209Pb(3.3h Bi 209Bi. 
238 234 5 230 226 222 218 

Pu(86.4y a) U(2.47 x lO•y a) Th(78,000y a) Ra(1602y a) Rn(3.8d a) Po 

(3.lm a*) 214Pb(26.8m 8) 214Bi(19.7m 8*) 214Po(l64µs a) 210Pb(2ly 8) 210Bi(5d 8*) 210Po 

(138d a) 206Pb. 
239 235 8 231 231 227 227 

Pu(24,390y a) U(7.l x 10 ya) Th(25.5h 8) Pa(32,500y a) Ac(21.6y 8*) Th 

(18.2d a) 223Ra(ll.4d a) 219 Rn(4s a) 215Po(0.0018s a*) 211Pb(36.lm B> 211Bi(2.15m a*) 

207T1(4.79m 8) 207Pb. 
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4n series: 240Pu(6600y a) 236u(2.42 X 107y a) 232Th(l.41 x 1010y a) 228Ra(6.7y SJ 228Ac(6.13h $) 228Th 

(1.9ly a) 224Ra(3.64d a) 220Rn(55s a) 216Po(0.15s a) 212Pb(l0.6h Sl 212Bi(60.6m S*J 212Po 

(0.3µs ai 208Pb. 

The principal higher transuranics enter these decay chains as follows: 

4n + 1 series: 241Pu(l3.2y S*J 241Am(458y ai 237Np etc. 

4n + 2 series: 242 Pu(3.9 x 105y a) 238u(4.51 x 109y a) 234Th(24.ld S) 234mPa(l.17m $*) 234u etc. 

4n + 3 series: 243Am(7370y ai 239Np(2.35d Si 239Pu etc. 

4n series: 244em(18.ly a) 240Pu etc. 

Study of these decay schemes reveals that once a nuclide has passed the initial rate-limiting steps, 

it undergoes many alpha and beta decays (many of which are also significant gamma emitters) relatively 

quickly, producing the sort of potential for internal radiological hazard that is so familiar for the 226Ra 

daughters. Obviously nuclides which do reach the region of rapid decay can be biologically significant 

out of proportion to their abundance if they happen at that time to be inside an organism. For this 

reason, even if a rate-limiting step has an extremely long half-life and lets very few nuclides through in 

a given period, those few can be biologically import~t: for example, naturally occurring 226Ra is a 

substantial hazard to uranium miners 37 and others35 notwithstanding that it is derived from the successive 

decay of 238u (half-life 4.51 x 109 y), 234Th (24.1 d), 234mPa (1.17 ml, 234u (2.47 x 105 y), and 230Th 

(7.8 x 104 y). The only effect of these long half-lives is to make the crustal abundance of 226Ra some 

3 x 106 x less than that of 238u, not to make it biologically insignificant. 

Fortunately, the manmade actinides are less plentiful than 238u, but the dynamics of their decay are 

broadly similar. Thus the juxtaposition of two rate-limiting steps makes the initial decay of 239Pu more 

important (in periods less than ~108 y) than the decay of its daughters. For the same reason, only the 

initial decay of 240Pu is particularly important in periods of biological interest. But a rate-limiting 

step with half-life of 107 years or more does not occur at the start of the 4n + 1 or the 4n + 2 series, 

so that for decay periods of order 106 years these series can become more important than the others. 

For example, after 106 years virtually all of the 26.4 kg of 239Pu in the waste stream from 1000 T of PWR 

fuel (we ignore for the present the 239Pu elsewhere in the fuel cycle, but there is 2oox as much of it) 

will have decayed to 235u, but only about 10- 3 of that will have decayed further--to products which, though 

biologically hazardous, are at least not plentiful. In contrast, essentially all of the initial 54 kg of 

241Am and 241Pu will have supplemented the initial 482 kg (or, according to WASH-1250, 760 kg) of 237Np, 

of which 28% will have decayed to 233Pa, of which virtually all will have decayed to 233u, of which a small 

fraction will have decayed to 229Th, etc. Hence the 4n + 1 series will have yielded, over the first 106 

years, nearly 5x as much alpha and beta radiation as the 4n + 3 series. In the long run the 237Np series 

may be the dominant hazard and may require isolation· for periods of order 108 years88 , roughly 2-2~ orders 

of magnitude longer than for the 239 Pu decay chain. 

* * * 
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Statement from the Continuing Committee (cf. Report of Working Group·5), 23d Pugwash Conference 
(Aulanko, Finland): Pug,,Ja.sh NewsZetter 11:1+2 (July/Oct 1973). These misgivings were confirmed by 
a majority at the 24th Pugwash Conference (28 Aug-2 Sept 1974, Baden, Austria), where "A strong 
majority held that universality of the Non-Proliferation Treaty must be achieved if fission power 
is to be further deployed." (Statement from the Continuing Committee, 24th Pugwash Conference.) For 
a contrary view, see Bethe, H et aZ., Wk.Zy Energy Rpt special issue, 16 Jan 1975. 

'Ibis paper will not address issues that seem more rhetorical than substantive: e.g. whether nuclear 
reactors are "environmentally superior" to fossil-fuelled boilers. Such a case could easily be made, 
and often is, by defining "environmental superiority" so as to embrace·nuclear power's specific 
environmental advantages whilst excluding its equally specific environmental disadvantages. Opponents 
of nuclear power, using [from their point of view] similar semantics, could perhaps argue that cyanide 
is a more healthful food than candy because it does not promote tooth decay. This sort of wordplay 
offers scant insight into major issues and will therefore be ignored here. 

Lovins, AB, WorZd Energy Strategies: Facts, Issues, and Options, Ballinger (17 Dunster St, Cambridge, 
Massachusetts 02138) and Friends of the Earth International (c/o FOE Inc, 529 Conunercial St, San 
Francisco, California 94111), 1975; previous edition reprinted in BuZZ Atom Scient 30, 5, 14-32 (May 
1974) and 30, 6, 38-50 (June 1974); conclusions summarized in part in Ambio 3:123 (1974). 

Or--it could well be argued--of depletion of high-grade fossil-fuel resources; though nuclear power, 
as Abrahamson has remarked12 , "does not, in any meaningful way, avoid the resource constraints imposed 
by the finite nature of the world's fuel reserves." 

Weinberg, AM, NucZ News 14, 12, 33 (1971). 

Alfven, H, BuZZ Atom Scient 28, 5, 5 (1972). 

Save perhaps manned space flight. In The New Yorker, 11/18 Nov 1972, and in Thirteen: The FZight That 
FaiZed (Dial, NY, 1973), HS F Cooper Jnr gives a fine account of the impact of human fallibility on 
Apollo 13. Such analogies with nuclear systems are often illuminating. 

Holdren, JP, "Radioactive Pollution of the Environment by the Nuclear Fuel Cycle", Paper XXIII-2, 
23d Pugwash Conference (Aulanko, Finland, 30 Aug-4 Sept 1973); revised and reprinted in BuZZ Atom 
Scient 30, 8, 14 (1974). 

Engineers who find these two paragraphs troublesome might pretend they are P~ofessor Rasmussen30 and 
ask themselves, "What are the errors and omissions in my risk analysis, and liow do I know?" The 
only answer can be, "I have tried to avoid errors and omissions, but within the rules of my engineering 
paradigm I can never prove that I succeeded." Once one admits the possibility that the risk analyst 
might be wrong, one must take seriously the non-engineering paradigmis view that human fallibility 
can be an important element of risk--an element that we do not know how to quantify. The "fallibility" 
paradigm is all the more persuasive because the engineering judgment which the nuclear industry (especi
ally in the USA) applies to risk analyses is not yet mature, as demonstrated by the numerous changes 
made in technical approaches and assumptions (e.g. in design and analysis of many engineered safety 
systems) as new knowledge has come to light in recent years. 

USAEC, Reactor Operating Experiences 69-9 (1969) states: "In the recent past, there have been a 
nud>er of occurrences at reactors where human error resulted in undesirable situations. None of these 
situations represented a threat.to the health and safety of the public. The absence of more serious 
effects is largely the result of good luck." See also the citations in Ref. 44, all basic reading. 

Kendall, H W, "Nuclear Power: A Review of Its Problems", The New Zealand Energy Conference 1974, 
University of Auckland, NZ, 23-5 May 1974. 

Abrahamson, D E, "Nuclear Power: Its Hazards and Social Implications", Centre Party / School for Adult 
Education Symposium on Energy, Development, and Future (Stockholm, 25-6 Nov 1974). 

Weinberg, AM, Science 177:211 (1972). 

14 Weinberg, AM, Science 177:27 (1972). 
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Weinberg, A M, "Can Man Live With Fission -A Prospectus", Project on Sustainable Growth, Woodrow 
Wilson International Center for Scholars, Washington, DC, 18 June 1973. 

Kneese, A v, "The Faustian Bargain", Resources 44: 1 (,Sept 1973), Resources for the Future Inc (1755 
Massachusetts A'\Hlue NW, Washington, DC 20036). A similar version was published in Not Man Apart 3, 5, 
16 (May 1973), Friends of the Earth Inc (Ref 3). 

Edsall, J T, Envir Conserv I, 1, 32 (1974). 

'lbe difficulty of enforcing such stringent conditions may perhaps be illustrated by the failure of a 
former top security officer of the USAEC to repay more thaI\ $170,000 out of $239,000 borrowed from 
fellow-employees: he had used substantial sums, unknown to his superiors, for racetrack wagers. (He 
was sentenced to three years' probation in Feb 1973.) Analogously, reports in the public press, based 
on Congressional testimony, indicate that thousands of persons responsible for handling US nuclear· 
weaponr ~~ve been relieved of their duties in recent years owing to their use of illegal drugs or the 
like l~-~- ..t', Observer (London), p 1, 27 Jan, 1974; UPI, IntZ Her Trib (Paris/London), p 3, 14-15 Dec 
1974; Los AngeZes Times, 27 Jan 1974). The Rosenbaum Report107 envisages that up to three "insiders", 
who might .nclude "anyone up to the higher levels of management", could credibly take part in a con
spiracy to steal strategic materials--a prudent conclusion in view of the apparent theft of a large 
amount of confiscated heroin from the vaults of the New York City Police Department. In an institu
tional rather than personal context, "Notes and Comment" in The New Yorker, 22 July 1974, calls atten.: 
tion to two other r6cent failures of arrangements that were presumably subject to the most rigorous 
controls: the alleged failure of the proper NATO authorities to find out about the Oct 1973 US 
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strategic alert for several hours, and the 40-minute delay in countermanding the accidental Feb 1971 
announcement by the US National Emergency Warning Center that a nuclear war was beginning. 

19 Geesaman, DP and Abrahamson, DE, Bull Atom Scient 30, 9, 37 (1974). 

20 Speth, JG et al., Bull Atom Scient 30, 9, 15 (1974). 

21 
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The USAEC is ordering utilities to arm their guards: NY Times, 1 May 1974; Nucleon Wk, 17 Oct 1974. 

According to a NY Times report of 11 Aug 1974, Texas state police have been maintaining dossiers on 
opponents of nuclear power. Recent experience suggests a potential for abuse. 

WASH-1237 (USAEC, Aug 1974). Cf. Casimir, H BG, interview in Milieudefensie 3, 5/6, 3 (1974). 

Approximately 120 civilian power reactors are now operable in about 18 countries; over 350 are planned 
for about two dozen countries in 1980, and about 3000 by the turn of the century, with rapid growth 
projected to continue thereafter. Many dozens of countries have civilian nuclear R&D programs. World 
inventories of long-lived fission products and of waste actinides are projected to be~ 4 x 101° Ci 
and~ 2 x 109 Ci respectively about the year 2000 (when annual 239pu throughput is projected to exceed 
5 x 105 kg), with continued rapid increase for some decades thereafter. J A Lane et al. of IAEA ("The 
Role of Nuclear Power in the Future Energy Supply of the World", 1 Oct 1974) envisage an accelerated 
nuclear program with world installed capacity of 316 GW(e) in 1980, 1900 GW(e) in 1990, and 5330 GW(e) 
--about 5000 large reactors--in 2000. The corresponding stocks of plutonium would be respectively 
150, 1300, and 5500 metric tons. Perhaps a third of the 239pu would be produced in countries now 
lacking nuclear weapons. 

25 USAEC, internal memorandum from AP Kenneke, Minutes of Steering Committee on Revision of WASH-740, 
28 Jan 1965 (USAEC Public Document Room, 1973). 

26 Estimated from data in Courts, A Jet al., "Exposure Potentials and Criteria for Estimating the Costs 
of Major Reactor Accidents", USAEC internal working paper, 1965 (USAEC Public Document Room, 1973). 

27 Morrison, D L et al., "An Evaluation of the Applicability of Existing Data to the Analytical Descrip
tion of a Nuclear-Reactor Accident--Core Meltdown Evaluation", BMI-1910, USAEC, July 1971. 

28 US Environmental Protection Agency (EPA), "Environmental Analysis of the Uranium Fuel cycle, Part II-
Nuclear Power Reactors", EPA-520/9-73-003-C (Nov 1973). According to Ref 38, a 1500-rem dose to a 
child's thyroid corresponds to a probability of thyroid cancer of the order of 15%. See also Pigford, 
TH, IEEE Trans Nucl Sci NS-19:15 (Feb 1972). 

29 Ergen, W K et al., "Emergency Core Cooling (Report of Advisory Task Force on Emergency Core Cooling)", 
TID-24226, USAEC, 1967; see also Ref 30 and Appendix 1 to this paper. 

30 Reactor Safety Study (Rasmussen, N, Director), An Assessment of Accident Risks in US Commercial Nuclear 
Power Plants, WASH-1400 (DRAFT), USAEC, Aug 1974: Summary Report, main Report, and Appendices I-X. 
Summarized in part by Gillette, R, Science 185:838 (1974). 

31 On 13 Nov 1973, an 18-inch secondary steam pipe in the Indian Point 2 reactor (an 873-MW(e) PWR ~ 38 km 
from New York City) sustained a spontaneous 100° fracture. The jet of steam, impinging on the steel 
liner of the containment dome, buckled it over a 12-.m span (Burnham, D, NY Times, 12 Dec 1973). Such 
structures are normally tested at or above the design pressure but at ambient temperature. 

32 Blake, A et al., UCRL-51408, Lawrence Livermore Laboratory, May 1973; Watson, MD et al., EQL Report 6, 
Environmental Quality Laboratory, CalTech (Pasadena), Sept 1972; Smernoff, BJ, HI-1686/2-P, Hudson 
Institute (Croton-on-Hudson, NY), 12 Sept 1972; United Engineers and Constructors Inc, UEC-UNP-710701, 
July 1971; Olds, F C, Pwr Eng, pp 34-9, Oct 1971; Rogers, F. C, Bull Atom Scient 27, 8, 38 (1971); 
Jamne, P, IAEA-A/CONF 49/P/290 (UN Geneva Conference, Sept 1971); ORNL SD-71-66(R)-5872, Oak Ridge 
National Laboratory, Aug 1966. Many nuclear explosions have been conducted underground, and most 
of them have been contained. 

33 Recent examples range from the April 1974 contamination of the Vienna-Rome express train with 131I to 
a US incident in which a radiopharmaceuticals worker deliberately added radioiodine to a fellow-worker's 
drink (ER Squibb & Sons Inc, New Brunswick, NJ: letter to Division of Compliance, USAEC, 24 Nov 1971, 
USAEC Public Document Room). Numerous losses and some thefts of radioisotopes, usually in small 
quantities, are reported each year--at least 15 in the USA in 1972, for example--and some of the losses 
are rather surprising. A university, for example, was recently discovered to have inadvertently sold 
a radioactive source for scrap; it was recovered intact from the scrap:1eap several years later. In 
Oct 1974, according to wire-service reports, the Italian Defense Minister told a defense committee of 
the Chamber of Deputies that a planned right-;wing coup (foiled when the former head of the Secret 
Service, a senior general, and others were arrested) was to have sown panic by polluting aqueducts with 
radioactive material that was to have been stolen from an Italian research centre. 

34 During 1974, at least three popular "thrillers" screened on British television dealt with blackmail 
by illicitly acquired nuclear weapons. 

35 Ford, D Fetal., The Nuclear Fuel Cycle, Union of Concerned Scientists (1208 Massachusetts Avenue, 
Cambridge, Massachusetts 02138), Oct 1973; reprinted 1974 by FOE Inc (Ref 3); enlarged edition to be 
published by MIT Press. 

36 Gillette, R, Science 186: 125 (1974). As reactors age and "crud" accumulates, radiation fields in 
repair areas often intensify: exposure (man-rem) per US reactor more than trebled between 1969 and 
1973. Providing sufficient maintenance manpower for an expanding nuclear industry without exceeding 
the 5 or 12 rem/yr personal limit clearly presents difficulties1 b3 • 

37 Morgan, K Z, "Adequacy of Present Radiation Standards", at p 105 in TID-25857, June 1972; Lundin, FE 
et al., "Radon Daughter Exposure and Respiratory Cancer: Quantitative and Temporal Aspects", Joint 
Monograph 1 (1971), Epidemiological Study of US Uranium Miners, Public Health Service (US Department 
of Health, Education, and Welfare). 
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Advisory Committee on the Biological Effects of Ionizing Radiations (BEIR Committee), "The Effects on 
Populations of Exposures to Low Levels of Ionizing Radiation", Division of Medical Sciences, National 
Academy of Sciences/ National Research Council (Washington, DC), Nov 1972. Unfortunately, studies of 
low-level long-term effects of emissions associated with fossil-fuel technologies are at least as 
fraught with uncertainty. 

Weinberg states14 that "if one assumes a linear dose-response for genetic effects, then to find, with 
95 percent confidence, the predicted 0.5 percent increase in genetic effect in mice at a dose of, say, 
150 mrem would require 8 billion animals." 

Holdren8 and others also question whether current secondary standards take proper account of biological 
reconcentration, multiple exposure pathways, and effects on organisms other than man. Of course, such 
issues are not unique to radioactive releases: releases of certain biologically active chemicals, for 
example, arouse similar concerns (Lovins, AB, "Long-Term Constraints on Human Activity", pp 1251-67 
in Part 2, Gr(Jl,}th and Its Impliaations for the Future, Serial 93-28, Subcommittee on Fisheries and 
Wildlife Conservation and the Environment, Committee on Merchant Marine and Fisheries, US House of 
Representatives, May 1974 (USGPO, 1974)). Whether exposure is chemical or radiological, so little is 
known about the phenomenology of damage on the molecular and cytochemical level that it would be 
premature to conclude, as is often done, that linear extrapolation of dose-response curves to very low 
doses is neaessarily a conservative practice. 

The transcript and exhibits of the 1972-3 Bethesda ECCS rulemaking hearings are contained in USAEC 
Docket RM-50-1 and total over 60,000 pages·. An annotated review appears in Lovins, AB and Patterson, 
W c, Appendix 1 (pp 145-78), Appendices to the Minutes of Evidence, 73-vii, "The Choice of a Reactor 
System", Select Committee on Science and Technology, House of Commons (HMSO, London), 1974. A more 
technical review, summarized in part in Environment 14, 7, 2 (1972), is the detailed Concluding State
ment by the Union of Concerned Scientists, reprinted in 1974 by FOE Inc (Ref 3). Further reviews 
include Cottrell, W B, Nuai Safety 15, 1, 30 (1974); Finlayson, F, "Emergency Core Cooling Systems 
for Light Water Reactors", Environmental Quality Laboratory, CalTech (Pasadena), forthcoming; and 
Primack, J and von Hippel, F, Bull Atom Saient 30, 8, 5 (1974). 

For example, in his 21 May 1974 memorandum to the Nuclear Working Group, Energy R&D Advisory Council, 
Electric Power Research Institute ("Review of 'The Liquid Metal Fast Breeder Reactor' by Thomas B 
Cochran", revised 7/3/74), Chauncey Starr remarks that "the HTGR [high-temperature gas-cooled reactor], 
while a very good reactor, also has some very basic safety problems as yet unresolved"--and that the 
gas-cooled fast breeder reactor "may ••• have problems that are so fundamental that from a safety and 
operable point of view it may never be acceptable." 

The APS study is due to report in spring 1975. Other reviews include those by the RAND Corporation 
(Doctor, RD et al., R-1116-NSF/CSA, Sept 1972), the Advisory Committee on Scie~ce and Technology of 
the California State Assembly (May 1973), the Council of the Federation of American Scientists (FAS' 
NellJsletter, Feb 1973), and, in a more general UK context, the joint Working Party of the Committee for 
Environmental Conservation, Royal Society of Arts, and Institute of Fuel (Lord Nathan et al., "Energy 
and the Environment", July 1974). So far as the author is aware, every independent review has come to 
substantially the same conclusions as these groups. For some lay reaction, see NY Times leaders of 
31 Jan, 8 Apr_, 30 May, 30 Oct, and 3 Dec 1973, and Senator Ribicoff's NY Times essay (p 47, 5 Dec 1974). 

See the USAEC series Reaator Operating Ezperienaes; pre-1972 issues are collected in ORNL-NSIC-17, -64, 
and -103, Nuclear Safety Information Center, Oak Ridge National Laboratory. See also the NSIC abstract 
series of Safety-Related Oaaurrenaes, ORNL-NSIC-69, -87, .-91, -106, -109, -114, and the astonishing 
report (footnote, p 7) in Nuai Safety 11, 4, 322 (1970). A review of selected malfunctions is being 
compiled by Comey, DD et al. for 1975 publication by FOE Inc (Ref 3). The 861 abnormal occurrences 
reported to have occurred in US LWRs during 1973 are abstracted in OOE-OS-001 (Office of Operations 
Evaluation, USAEC, May 1974). A further selection of incidents appears in Appendix A of Ref 167. 

USAEC Task Force (Report to the Director of Regulation), "Study of Quality Verification and Budget 
Impact", USAEC, Jan 1974, Enclosure 2. Among the most recent examples of apparent failure of quality 
assurance is the 1974-5 spate of BWR pipe cracks. In Sept 1974, cracks were found in four-inch 
recirculation bypass lines in three BWRs; all 21 US BWRs were ordered shut down for inspection (Burnham, 
D, NY Times, p 1, 22 Sept 1974). No further cracks were found, but on 13 Dec 1974, new cracks were 
discovered in four-inch bypass lines in one of the original three BWRs (USAEC News Release T-614, 16 
Dec 1974), and later in four others. Both sets of cracks have been traced to a particular batch of 
steel; the pipes concerned are reportedly manufactured to the same standards as the primary coolant 
pipes whose failure is assumed to initiate a design-basis LOCA. A defective batch of steel, however, 
apparently cannot account for five circumferential cracks in ten-inch ECCS pipes near the pressure 
vessel of the Dresden 2 BWR; these cracks, revealed by wet insulation on 28 Jan 1975, are reportedly 
similar to cracks observed at the Peach Bottom 3 and Fukushima BWRs. A new (Jan-Feb 1975) shutdown of 
all 23 us BWRs should show the extent of similar cracks (US~C NellJs Releases 1, 2, 2 (31 Jan 1975)). 
These unexpected generic shutdowns seem an unfortunate characteristic for a prospective major power 
source. 

Morris, p A and Engelken, RH, "Safety experience in the operation of nuclear power plants", IAEA-SM-
169/47, at pp 429-46 in Prinaiples and Standards of Reaator Safety (IAEA, Vienna), 1973: proceedings 
of an IAEA Symposium in Julich, 5-9 Feb 1973. The paper states: "A large number of violations of 
license requirements and AEC regulations have been identified •••• Approximately 75 violations have been 
identified in only seven ••• appraisals Calthough] ••• a deliberate effort was not made to look for 
violations •••• ***At three of the seven facilities reactor protection system actuation levels exceeded 
authorized levels." Likewise, the USAEC has recently proposed assessing civil penalties against sev
eral utilities because licensed reactor operators left operating reactors unattended whilst fetching a 
cup of coffee or the like--a violation "considered to be of major significance". The US General 
Accounting Office report B-164105 (18 Aug 1972) gives further insight into problems of nuclear regula
tion and compliance; see also Burnham, D, NY Times, p 1, 25 Aug 1974. 
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Y-9 
Morris and Engelken analyze46 eight accidents involving loss of primary coolant into the containment 
of five US BWRs between 5 June 1970 and 4 May 1972. The accidents, most of which involved multiple 
valve failures (whose incidence is high and apparently increasing46), occurred a rate of 0.5 per 
reactor-year. In four of the eight accidents, the reactor staff violated clearly prescribed operating 
procedures. See also Appendix A of Ref 167. 

USAEC, Reactor Operating Experiences 73-8 (1973). 

USAEC, RM-50-1, Exh 715, p 6. According to Brockett, G Fetal., "Loss of Coolant: Control of Conse
quences by Emergency Core Cooling" (1972 International Conference on Nuclear Solutions to World Energy 
Problems, American Nuclear Society/ Atomic Industrial Forum, Washington, DC, 1973, at p 320), rupture 
of a single one of the thousands of steam-generator tubes in a PWR reflooding at 1.5 inch/sec would 
reduce the reflooding rate by 17%. (The rupture area assumed--28 cm2--is ~ 1.5 x 10-7 of the total 
tube area in a 1-GW(e) PWR.) Rueture of many tens of such tubes has been routinely observed in 
normal operation of modern PWRs4B. 

The RM-50-1 Hearing Board at Bethesda ruled that steam-generator tube failure during a LOCA need not 
be considered in determining ECCS acceptance criteria-~apparently because to do so would violate the 
arbitrary single-failure crit_erion. Discussion and cross-examination on this topic were therefore 
excluded from the record. 

See e.g. Wechsler, MS, "The Radiation-Embrittlement of Pressure Vessel Steels and the Safety of 
Nuclear Reactor Pressure Vessels", ORNL internal report, Mar 1970, which cites extensive UK and West 
German data that show large-pressure-vessel rates of catastrophic failure of~ 2 x 10-5/vessel-yr, 
excluding failures whose causes are irrelevant to nuclear applications; Farmer, FR, IAEA-SM-169/43, 
Julich, 5 Feb 1973 (and associated discussion); Cottrell, A, "Fracture of Steel Pressure Vessels", 
memorandum to Select Committee on Science and Technology, House of Commons (reprinted at pp 122-4 in 
73-i-vii, Report, Minutes of Evidence and Appendices, "The Choice of a Reactor System", HMSO (London), 
1974);Lovins, AB and Patterson, W c, op. cit. (Ref 41), ,54; Holt, AB, paper to Second International 
Conference on Structural Mechanics in Reactor Technology (Berlin, 10-14 Sept 1973), Nucl Eng Intl 18: 
965 (1973). (Technical uncertainties associated with pressure-tube reactors appear to be very differ
ent.) Some observers doubt the relevance of failure tests using pressure vessels into which flaws 
have been deliberately machined: stresses tending to encourage propagation will obviously be different 
in such vessels than in those in which flaws have developed spontaneously during operation. Even the 
Jan 1974 ACRS assessment of pressure-vessel integrity is somewhat clouded: see Ref 167, pp 64-6 and 
Appendices Bl-B3. 

Discussion by Dr Peter Morris, Director of Operations Evaluation, USAEC, in IAEA Julich Symposium, 9 
Feb 1974 (see IAEA, Ref 46, at p 616). 

Thus, for example, each of a wide array of mechanisms studied in BMI-191027 appears to be capable of 
causing gross rupture of both primary and secondary containment after ECCS failure; these analyses· 
are largely supported by WASH-1400 (DRAFT)30. Likewise, pressure-vessel rupture can melt the fuel 
and breach the containment shell. 

Lovins, AB and Patterson, W c, op. cit. (Ref 41), ,3o and Annexes A and C. There is infinite room 
for disagreement over what is a "proven" technology, but large LWRs of high power density are not one 
according to any normal engineering usage. Moreover, according to Starr42 they are "still approaching 
a commercial basis" and have "no commercial fuel cycles". 

Weinberg, AM, letter to Chairman, USAEC, 9 Feb 1972 (RM-50-1, Exh 1027); quoted in Ford, D F and 
Kendall, H W, Concluding Statement (Ref 41) and in Lovins, AB and Patterson, WC, op. cit. (Ref 41), 
,47. 

Cf. the similar views of USAEC experts quoted by Ford and Ken.dall and by Lovins and Patterson (Ref 41), 
and the resignation letter of Carl Hocevar (author of the THETA code widely used in LWR ECCS analysis), 
who left the AEC's Idaho safety facility on 22 Sept 1974 to work with the Union of Concerned Scientists: 
Burnham, D, op. cit. (Ref 45). · 

Pungent memoranda by the supervisors of the FLECHT tests were incorporated into Exh 1153 of RM-50-1. 
Some of the defects in the tests are analyzed by Kendall and Ford in their original technical submis
sion (Exh 1041) to RM-50-1: "An Evaluation of Nuclear Reactor Safety", Union of Concerned Scientists 
(Ref 35), Mar 1972. Other defects were criticized at Bethesda by a vast array of AEC, ANC, Oak Ridge, 
Battelle, and other non-UCS witnesses. The FLECHT tests, among the technical bases of present ECCS 
design criteria, are apparently to be redone: Salisbury, DC, Techn Rev, p 6, Mar/Apr 1974. 

Representative opinions are quoted by Ford and Kendall and by Lovins and Patterson (Ref 41): see e.g. 
,,42-51 in the latter. 

The LOFT tests scheduled for the mid-to-late 1970s will be at 1/60 scale relative to a modern LWR of 
slightly over 1000 MW(e). 

60 Lapp, RE, Direct Testimony in the Bethesda ECCS Rulemaking Hearing, USAEC RM-50-1, 23 Mar 1972. 

61 

62 

63 

64 

USAEC, RM-50-1, Exh 1033, III 4.4-1. The list of unres9lved generic safety issues identified by the 
USAEC's Advisory Committee on Reactor Safeguards (ACRS), e.g. in its letter of 13 Feb 1974, has been 
steadily expanding in recent years. 

See ·Ref 44: recent examples include ROE 71-22, 72-7, 72-13, 72-14, 73-1, 73-4, 73-5, 73-6, 73-10, 
73-12. Ref 46 also contains several detailed analyses. 

Myers, R, "FEA Blueprint Writes Off Nuclear", Wkly Energy Rpt 2, 43, 1 (28 Oct 1974); also "Nuclear 
fission is an exotic energy source; 10 years away: Rogers Morton", ibid., p 4. 

Gossick, L V, Ernst, ML et al. 
to the Director of Regulation), 
on pp 5-2 through 5-9. 

(USAEC Task Force), "Study of the Reactor Licensing Process" (Report 
Oct 1973 (original, not expurgated, draft): particularly the examples 



/ ~ttrell, A, Fin Times (Lo4don), p 2, 7 June 1974; reprinted in Appendix B3, Ref 167. The occasion 
partly contributing to this letter--the Flixborough explosion at a caprolactam plant--has produced 
insurance claims for £66 million, Britain's largest peacetime disaster, and its exact cause is still 
in dispute. In a contemporary letter to The Times (London), Brigadier Allen, speaking from decades 
of experience with storing and transporting munitions, concurs with "the totalitarian law of physics, 
which says: 'Anything which is not forbidden is compulsory."' Nuclear accidents which "could make 
Flixborough look like a birthday party" are, he concludes, inevitable because they are not theoretically 
impossible. Numerous historical examples of "incredible" engineering failures suggest themselves-
including a 1919 US incident (Boston Eve Globe, 12 Aug 1971) when 21 people died in a tidal wave of 
molasses from a ruptured 8.3-million-litre tank. 

66 Secretary of State for Energy, White Paper of 10 July 1974 (HMSO, London). 

67 Bryan, W, Testimony before the Subcommittee on State Energy Policy, Committee on Planning, Land Use, 
and Energy, California State Assembly, 1 Feb 1974; reprinted in Not Man Apart 4, 5, 1 (mid-May 1974), 
FOE Inc (Ref 3). Bryan's views are supported by Comptroller General of the US, "Review of Reliability 
Data on Weapon and Space Systems", 120 Congr Rec S20775-6 (9 Dec 1974). 

68 Hanauer, SH and Morris, PA, A/CONF 49/P/040 at Fourth International Conference on the Peaceful Uses 
of Atomic Energy, Geneva, 6-16 Sept 1971; in Proceedings, Vol III, pp 202-16, UN (NY) / IAEA (Vienna), 
1972. 

69 

70 

Most AEC and vendor estimates published before mid-1974 seem inconsistent with the incidence of repor
ted failures in identical or similar elements of operating reactors: Lovins and Patterson, op. cit. 
(Ref 41), 1!1137-8. Weinberg, AM, "Nuclear Energy-18 Years After" (address to American Public Power 
Association, San Francisco, 27 June 1972) states that the LOCA-initiating pipe-break in LWRs "is 
deemed by some to be incredible: to others, the probability is conceded to be very low, but not zero. 
I think there is really no way to quantify such an estimate (I call such an estimate trans-scientific, 
since I know of no scientific basis for making it). In any case, it is extremely small." 

Thompson, T J and Beckerley, JG, eds, The Technology of Nuclear Reactor Safety, MIT Press, 1964/70, 
at Vol I, p 5: " ••• the dependence may be subtle •••• A structure as complex as a reactor and involving 
as many phenomena is likely to have relatively few completely independent components." The Rasmussen 
study30 tries to take account of possible common-mode failures; but see Appendix 1 to this paper, 

71 Farmer, F R, "Development of Adequate Risk Standards", IAEA-SM-169/43, Julich, 5 Feb 1973 (see Ref 46). 
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Ehrich, T, "Atomic Lemons", Wall St J, p 1, 3 May 1973: "their unreliability is becoming one of the,ir 
most dependable features." Cf. McWethy, J, US News & World Rep 76, 23, 43 (10 June 1974). 

Cochran, TB, The Liquid-Metal Fast Breeder Reactor: An Economic and Environmental Critique, Resources 
for the Future/ Johns Hopkins University Press (Baltimore, Maryland), 1974; Natural Resources Defense 
Council, Comments on USAEC Draft Environmental Impact Statement for LMFBR Program (WASH-1535), NRDC 
(917 15th St NW, Washington, DC 20005), reprinted in "proposed final" draft of USAEC WASH-1535, 17 Jan 
1975. 

Lovins, AB, New Scient 61:693 (14 Mar 1974). Some similar points are made by Teller, E, Nucl News, 
p 21, Aug 1967. 

Kelber, C Net al., ANL-7657, Argonne National Laboratory (Feb 1970). 

Jackson, J and Boudreau, J E, "Postburst Analysis (Preliminary Report)", internal document, Argonne 
National Laboratory, Dec 1972; Boudreau, J E, Autocatalysis During Fast Reactor Disassembly, PhD Dis
sertation, University of California (Los Angeles), Feb 1972, summarized by Boudreau, J E and Erdmann, 
R c, Nucl Sci Eng 51:206 (1973). 

Ross, M, "The Possibility of Release of Cesium in a Spent-Fuel Transportation Accident", Physics Dept, 
University of Michigan (Ann Arbor), Jan 1974. In current practice, a single shipping cask generally 
contains a fission-product inventory in the MCi range. 

Comptroller General of the US, B-164105, US General Accounting Office, 31 July 1973. 

Anderson, M, "Fallout on the Freeway: The Hazards of Transporting Radioactive Wastes in Michigan", 
Public Interest Research Group in Michigan, 18 Jan 1974. 

Railway shipments spend a good deal of time sitting in switchyards, which in the USA have been the 
scene of several spectacular explosions of ammunition trains in the past few years. An unexpected 
recent explosion of a chemical tank-car being shunted in the State of Washington is said to have dug 
a crater 21 m across by 15 m deep, destroyed a nearby factory, and caused $7 million worth of damage. 

Holdren8 calculates that 10-4 of the projected US 90sr inventory in 2000 would suffice to contaminate 
the annual freshwater runoff from the 48 States to twice the MPC: another illustration of the impres
sive degree of control required. In testimony before the Nuclear Study Committee of the South Carolina 
Legislature, J w Gofman has pointed out ("Some Important Unexamined Questions Concerning the Barnwell 
Nuclear Fuel Reprocessing Plant", 7·Jan 1972) some implications of releases from the extremely large 
inventories in such facilities. He calculates, for example, that the malicious release of 1% of the 
Barnwell inventory of high-level waste could seriously contaminate a minimum of~ 373,000 km2 

(~144,000 mi 2 ) of farmland: the inventory itself is equivalent to~ 15X the total fission-product 
activity produced by all US and Soviet atmospheric tests, and includes at 5-year equilibrium~ 5 GCi of 
hard gamma emitters and~ 0.8 GCi 90sr. Gofman's thesis is that if the consequences of a release are 
large, the probability of its occurrence must be closely examined. (As pointed out recently by the 
us General Accounting Office, analogous numbers could perhaps be derived for reactors' spent-fuel 
cooling ponds, which will apparently--at least in the USA--become highly congested: Gillette, R, 
Science 185:770 (1974).) Cf, USAEC, WASH-1539 (DRAFT), Sept 1974, p 3.1-33: "It is recognized that 
there is a possibility an act of sabotage [to a Retrievable Surface Storage Facility] could release 
more radioactive material than would the maximum credible accident •••• Studies are now under way to 
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evaluate both the probability and the consequences of various acts of sabotage, and additional design 
or operating precautions will be taken as indicated to be desirable by these studies. Results of these 
studies will be discussed in the final environmental statement to the extent that this can be done 
without jeopardizing the security of the project •••• Retrievable surface storage facilities will not be 
designed for continued waste confinement following the direct impact of massive or explosive missiles, 
such as large meteorites or aircraft. Such events are of such low probability of occurrence that they 
are considered to be incredible." Detonation of terrorists' nuclear weapons near fission facilities of 
any kind is also apparently considered "incredible". 

82 DeNike, L D, Bull Atom Sc:ient 30, 2, 16 (1974), 30, 8, 48 (1974), and 31, 2, 3 (1975). At the 1974 
ANS Annual Meeting, WC Bartels of the USAEC reported (Nucl News 17, 10, 46 (1974)) more than 400 
incidents of international terrorism by small groups in the past six years, causing more than 200 
fatalities. Kriegsman {op. cit., Ref 121) states that "the number ·of terrorist incidents has 
quadrupled over the past five years". 

83 Schleimer, JD, Bull Atom Scient JO, 8, 24 (1974): the article appears to have some technical gaps, 
but is nonetheless instructive. Cf. Comptroller General of the US, B-164105, US General Accounting 
Office, 16 Oct 1974, and Environment 16, 5, 24 (1974). Potential saboteurs have available, of course, 
not only details of plant layout and design, but also the WASH-1400 (DRAFT) event trees, permitting 
action more effective than contemplated by Turner, SE et al., Nucl Safety 11, 2, 107 (1970). The 
resources that modern terrorists can probably command include wire-guided rockets, plastic explosives, 
thermite, helicopters, mortars, frogmen, nerve gases, bazookas and other shaped charges, recoilless 
rifles, demolition mines, and infrared aiming devices for rifles. Large sabotage hazards are also 
associated with other energy technologies, such as oil supertankers and LNG facilities 3--an argument 
for controlling these hazards too. According to the British Defence Minister (Fin Times (London), 
12 Feb 1975), one such hazard is now appreciated: special flotillas will have to be built to protect 
North Sea oil rigs against terrorist attacks. 

84 Edsall, J T, Science 178:933 (1972) suggests that nuclear facilities, often sited near cities or major 
military targets, "will be enormously attractive objects for sabotage and blackmail". The latter is 
perhaps a more serious possibility since $1 million was demanded of the Bonneville Power Administration 
(serving 3/4 million people in Oregon via~ 20,000 km of transmission line) by a person (later 
imprisoned) who, between 26 Sept and 20 Oct 1974, dynamited 14 transmission-line towers and demolished 
six. Similar sabotage occurred near Spokane in 1974; power facilities were bombed near San Francisco 
in 1968 and 1970, and others in Alabama were sabotaged by striking power workers in 1966. Furthermore, 
the recent trial of a young man for damaging a meterological tower used in a western Massachusetts 
reactor-siting study suggests that nuclear facilities may become a target not only of malicious sabo
teurs and terrorists but also of those nuclear opponents who believe that conscience compels them to 
practice civil disobedience. (The cited case was dismissed because the indictment was defectively 
drawn, so no verdict bearing on the defendent's arguments was obtained.) 

85 Comptroller General of the US, B-164052, US General Accounting Office, 29 May 1968 (declassified Dec 
1970) and 29 Jan 1971; Gillette, R, Science 181:728 (1973). Approximately 10% of the Hanford high
level waste tanks have leaked. The record in other countries is said to be better. 

86 Pittman, F K (Director, Division of Waste Management and Transportation, USAEC), "Management of Com
mercial High-Level Radioactive Waste", summer course on Nuclear Fuel and Power Management, MIT, 
Cambridge, Massachusetts, 25 July 1972, at p 17. 

87 In a stable nuclear economy, inventories of principal fission products would asymptotically approach 
equilibrium values rather than steadily increasing, though this would not occur appreciably for very
long-lived fission or activation products. On the other hand, the toxicity of mixed actinides increases 
with their age by nearly an order of magnitude, owing to the shifts in composition as some isotopes 
decay into others. Such decay tends initially to increase the physical quantities of some lower 
transuranics such as 239Pu. Blomeke et al. give useful calculations of the amount of each nuclide 
in various parts of several fuel cycles at various times: ORNL-TM-3965 (Feb 1974). 

88 Isaacson, RE and Brownell, LE, "Ultimate Storage of_Radioactive Wastes in Terrestrial Environments", 
at p 955 in OECD-NEA/IAEA, Management of Radioactive Wastes from Fuel Reprocessing, OECD 66 73 02 3, 
Paris, 1973. Many papers in this volume provide insight into such practical problems as these: 
(a) solidification of liquid wastes generally requires high temperatures but must entrain volatile 
fission products; (b) if solidification is not prompt, in-process liquid inventories are large enough 
to offset much of its advantage, but if solidification promptly follows reprocessing, heat and 
radiation loads· are much higher; (c) solidification is generally incompatible with later partitioning 
of actinides89 ; (d) it is hard to predict the long-term properties of solidified wastes of which a 
substantial mass fraction is changing into other elements with different chemistry; (e) there are 
numerous uncertainties of other kinds in the long-term behaviour of solidified wastes. 

89 Kubo, As and Rose, DJ, Science 182:1205 (1973). 

90 Claiborne, H C, ORNL-TM-3964 (Dec 1972) discusses some of the difficult problems of separating and of 
fissioning or transmuting actinides. For example, Am and Cm are chemically almost identical to abun
dant fission-product lanthanides of high cross-section, nptably Eu and Sm. In general, "the optimum 
grouping of radioactive elements for waste management does not correspond with natural groupings based 
upon chemical behavior", and the required separations require extremely close process control, generate 
large volumes of contaminated reagents, and are plagued by the formation of colloids and precipitates. 
Efficient actinide recycling, if feasible, would complicate the logistics of fuel cycles by greatly 
increasing the concentrations of energetic neutron emitters such as 244cm, 2 42ern, and (perhaps more 
avoidably) 252cf. (Such problems are discussed at pp 59-98 of USAEC CONF-700502 (May 1970).) Ass 
Halaszovich et al. of Kernforschungsanlage Julich GrnbH point out (OECD-NEA/IAEA, op. cit. (Ref 88), p 
723), "An absolute seclusion of the very long-lived alpha-emitters from the biosphere over periods of 
thousands or even millions of years cannot be guaranteed by any storage philosophy known today besides 
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fore large; unfortunately, "It is uncertain at this time whether economical processes for the parti
tioning of the wastes can be developed" (Perge, AF and Ramsey, R W Jnr (USAEC), ibid., p 290), and 
no such process will ever avoid small losses of 0,1% or 0.5% at each pass, yielding a total loss of 
0.5% or 2.5% respectively. These are still very large amounts of substances that remain biologically 
active (and concentratable) for geological periods; their toxicity, if thus reduced by 206 x or 42.5 x 
(additional recycles do not helph remains formidable. These calculated reductions, too, are over
optimistic because they do not allow for a few percent of the actinides being lost at each pass by 
"leaks" in the form of fabrication-plant losses and the like (estimated e.~. by Pigford, infra). 

91 
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Thus when WASH-1250 {July 1973) says at p 4-73 that "The 99.5% recoveries Lof uranium and plutonium 
from spent fuel at the reprocessing plant] represent the practical limits of the processing methods 
currently in use" and that though special "process steps can be added to recover additional plutonium 
should this be deemed necessary", "the cost of these added steps would greatly exceed the fuel value 
of the recovered plutonium", the substantial loss--generally several percent--of actinides from 
portions of the fuel cycle outside the reprocessing plant is being wholly ignored. (See Pigford, TH, 
Ann Rev Nucl Sci 24:515 (1974) .) With repeated recycling, these "leaks" from the recyling loop 
become dominant sources of residual hazard and substantially defeat the purpose of the recycling. 

This might no longer be necessary if actinides were fissioned by neutrons from a fusion reactor or 
from a non-thermonuclear reactor where e.g. a 3H beam impinges on a 2H plasma (both methods whose 
development would create difficult new safeguards problems). The burnup physics of mixed actinides 
in such a flux will be complex, with some isotopes activating by neutron capture whilst others fission, 
and the practical details of recycling, burnup, and process residuals do not seem to have been assessed. 
Alternatively, actinides might be partitioned for extraterrestrial disposal on a trajectory that will 
not intersect the earth during the relevant period (a surprisingly hard task--0ECD-NEA/IAEA, op. cit. 
(Ref 88), pp 413, 428, and NASA TM X-71557 (May 1974)). Such a scheme would require both dramatic 
economic improvements and the development of accident-proof encapsulation. Skeptics of the latter 
feature are bound to recall the SNAP series in which two out of three launches did not go as planned: 
on 21 Apr 1964, an aborted SNAP launch resulted in the vaporization of 17 kCi of 238Pu in the upper 
atmosphere, almost trebling the global free inventory of this isotope (Hardy, E Pet al., Nature 241: 
444 (1973)). K Z Morgan has remarked that he was assured before the event that the probability of 
such a failure was less than 10-9, but in the event it was 10-0 • 

Committee on Geological Aspects of Radioactive Waste Disposal, Division of Earth Sciences, untitled 
report to USAEC Division of Reactor Development and Technology: National Academy of Sciences (Washington, 
DC), May 1966. This report notes that " ••• none of the major sites at which radioactive wastes are 
being stored or disposed of [in the USA--i.e. the same sites still in use] is geologically suited for 
safe disposal of any manner of radioactive wastes other than very dilute, very low-level liquids." 
see also Gera, F and Jacobs, D G, 0RNL-4762 (Feb 1972). The more obvious contingencies include glacia
tion, submersion, vulcanism, mountain-building, and the sorts of processes that enrich barren rock 
into metallic ores. (Professor Sir Kingsley Dunham, Director of the Institute of Geological Sciences 
in London and an authority on such enrichment processes, has stated that in his opinion no place 
on earth can be guaranteed not to undergo such changes within the periods of isolation required, and 
that terrestrial disposal is accordingly unacceptable.) In 0ECD-NEA/IAEA, op. cit. (Ref 88), at pp 
1173-4, D w Clelland of Brifish Nuclear Fuels Ltd states: "I would like to record, that there are many 
experts who have severe reservations about the safety of disposal operations. If disposal without 
retrieval is to be employed, extremely high standards of guarantees must be provided. Many feel that' 
it will be extremely difficult, and some would go so far as to say that it is impossible, to obtain 
the guarantees which would be necessary to justify highly-active waste being allowed to pass beyond 
control. We should always provide a means of getting the waste back as a final safety measure, even 
in very long term geological systems." (See also his paper at pp 241-2.) At pp 878-80, ibid., GD 
DeBuchanane of the US Geological Survey lists (as potential "catastrophic events") "the seismic 
potential of the area, the surface ••• and subsurface erosion and solution of an area, and the effect 
of extreme hydrologic events, such as floods or extended periods of high precipitation leading to 
changes in ground water regime. Any or all of these events could happen at any management facility 
within the period of time that the high-level waste would be toxic to man[,] and the potential of 
such events to destroy or severely damage the safety of man-made or natural storage facilities should 
be considered •••• Diastrophism, the process or processes by which the earth crust is deformed, has 
caused concern to many who are involved in the consideration of the long time management of high-level 
waste. In the geologic past all parts of the United States have undergone major changes one or more 
times in response to some form of diastrophic forces •••• The fact that salt was deposited or evaporated 
from water some 60 million years ago and is still found today is indicative that it has not been 
exposed to circulating waters. Dias trophic forces in the next million or 60 million years 'could 
expose these deposits to circulating waters." At p 986, ibid., R E Isaacson of Atlantic Richfield 
Hanford Co (the USAEC site contractor) is more specific about that site: "Evidence indicates that 
flood basalts recurred at 500,000 to 2,000,000-year intervals. The youngest basalt is about 
8,000,000 years old •••• There is evidence ••• of the region being swept by catastrophic floods on several 
occasions due to the sudden release of large impoundments of glacial melt waters. Geologic evidence 
indicates that the Hanford plant site has been submerged by such floods at least four times in the 
past 40,000 years (approximately). The last such flood occurred about 14 to 16,000 years ago." 
The high-level waste inventory at Hanford amounts to about 1/4 million m3 and is presumably in the 

GCi range. 

Schneider, K J and Platt, AM, eds, Advanced Waste Management Studies, High-Level Radioactive Waste 
Disposal Alternatives, ·BNWL-1900 (4 vols), USAEC, May 1974; summarized in WASH-1297, USAEC, May 1974. 

USAEC News Releases 5, 38, 1 (18 Sept 1974). The proposal is limited to transuranic concentrations 
> 10 nCi/g--a figure whose odd history is given in Appendix B of WASH-1539 (DRAFT), Sept 1974. Data 
in "Waste Management Practices in Western Europe" (0ECD-ENEA, Paris, 1972) suggest that the current 
UK limit for soil burial at Drigg, near Windscale, is~ 120 nCi/g. Low-level alpha waste is bulky and 
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101 

chemically diverse, but in aggregate contains substantial amounts of actinides which could be 
leached or blown away, digested by micro-organisms, or otherwise released, and then reconcentrated. 

Bair, W J and Thompson, R c, Science 183:715 (1974). 

Tamplin, A Rand Cochran, TB, "Radiation Standards for Hot Particles", NRDC (Ref 73), 14 Feb 1974; 
Long, AB, Nucl News 14, 6, 69 (1971). 

Geesaman, DP, UCRL-50387 and Addendum, Lawrence Livermore Laboratory, 1968. 

Pu toxicity is formidable even if the hot-particle hypothesis is wholly rejected: animal experiments 
whose clinical response was saturated even at the lowest Pu doses suggest95 that the 107 kg of Pu 
to be generated in the next few decades would correspond to about 3 x 1015 lung-cancer doses, and show 
that lung cancer is induced within ten years in dogs whose terminal lung burden of Pu aerosols is 
about three times the presently allowed human maximum. The essence of the geometric argument put 
forward by Tamplin and Cochran, Long, and Geesaman is that a single 239Puo2 particle 1 µmin diameter 
(0.28 pCi} irradiates not the entire 1-kg lung as present standards assume, but only tens of µg of it-
thus giving a local tissue dose not of 0.3 mrem/yr but of about 4-11 krem/yr. That seems to be 
generally agreed. The carcinogenetic potential of such a dose, which is the point at issue, is 
plausible but not directly proven. (Any particle bearing at least 0.07 pCi of long-lived alpha 
activity would be capable of providing a 1 krem/yr local-tissue dose in a half-inflated lung, and 
would thus qualify as a "hot particle" under the Tamplin-Cochran definition; such a particle could 
be e.g. 239puo2 0.6 µmin diameter or 2 38puo2 0.09 µmin diameter. The hypothesis says nothing 
about risk from smaller particles.} For fundamental statistical reasons, lung burdens below~ 1 
nCi--perhaps corresponding to tens of burdens certain to induce cancer if the hot-particle hypothesis 
is correct--are undetectable in vivo. The present maximum permissible lung burden, 16 nCi, is just 
within the range of convenient detection; far more stringent standards would be unenforceable. Like
wise, maximum permissible concentrations of particulate actinides in air are already extremely diffi
cult to monitor (Long, Ref 96), and it would be impossible to demonstrate compliance with far 
stricter standards. 

On 10 Oct 1974 the USAEC published WASH-1320, an expansion of the Jan 1974 Healy report (LA-5482-PR) 
and a rejoinder to Tamplin and Cochran which W J Bair et al. had prepared without consulting them 
or (apparently) noting their comments on Healy's findings. Tamplin and Cochran, who found WASH-1320 
unconvincing and largely irrelevant, responded in Nov 1974 with a cogent 48-page memorandum available 
from NRDC (Ref 73). They seem to show that all the evidence cited in WASH-1320 is either irrelevant 
to or consistent with the hot-particle hypothesis. In the author's opinion, the same is true of the 
evidence cited by the UK National Radiological Protection Board (NRPB-R29, Sept 1974) and by the UK 
Medical Research Council ("The Toxicity of Plutonium", HMSO, London, 1975). The controversy will 
doubtless persist. 

Rose, DJ, Science 184:351 (1974). 

Willrich, Mand Taylor, TB, Nuclear Theft: Risks and Safeguards, Ballinger (Ref 3) for The Energy 
Policy Project, 1974. Confirming Taylor's statements about ease of design, a television program by 
John Angier ("The Plutonium Connection", Nova, WGBH-TV, Boston, 9 March 1975) discusses and evaluates 
a crude bomb design computed by a commissioned chemistry undergraduate in five weeks, working alone and 
entirely from the open literature, and assuming reactor-grade plutonium. A considerably simpler design 
could have been achieved109. (This one has led to a Congressional Bill to ban plutonium recycle.) 

102 Gillette, R, Science 185:1027 (1974), 185:1140 (1974); Cochran, TB and Speth, JG, "NRDC Comments on 
WASH-1237", NRDC (Ref 73), 30 Oct 1974, especially at pp 10-17; Tucker, A, The Guardian (London), 13 
Jan 1975. 

103 .Shapley, D, Science 174:569 (1971). There appears to have been little sustained histological or epi
demiological study in appropriate depth to seek possible effects of Pu release in the Rocky Flats or 
Denver area. Even the measured magnitudes of release are disputed. In Subcommittee Hearings on the 
Supplemental Appropriations Bill, 1971, Committee on Appropriations, us House of Representatives, 1 Oct 
1970, General Giller (Director, Division of Military Applications, USAEC) testified that the Rocky 
Flats fire was "a near catastrophe 11 and that "hundreds of square miles" could have been contaminated 
if the fire had burned through the roof. "If the fire had been a little bigger, it is questionable 
whether it could have been contained." 

104 Inspection of publish~d cross-sections and neutron yields at the appropriate energies suggests that 
fast critical assemblies can be made from reasonable quantities of certain isotopes which are not 
"fissile" (sc. by slow neutrons}, and some of whicp are not now safeguarded. This paper accordingly 
refers to "strategic materials" rather than to "fissile material" or to "special nuclear material" as 
defined by regulation. Moreover, officially defined "significant quantities" of strategic materials 
appear to assume an unwarranted degree of crudity of design, as critical mass is proportional to the 
inverse square of density, and published equations of state suggest that rather large Hugoniot com
pressions are not too difficult to achieve. JS Foster Jnr (Encyc Americana 20:521 (1970)),mentions 
compressions "to several times normal density" by using Chapman-Jouguet pressures of at least 0.7 Mbar; 
the open literature on C-J pressuresobtainable with various high-explosive configurations, on hypervelo
city metallic equations of state, and on methods of avoiding instabilities during implosion is extensive 
and explicit. 

105 Theft might become unnecessary if there were continued rapid progress in laser enrichment (Gillette, R, 
Science 183:1172 (1974); Metz, w D, Science 185:602 (1974)). One hopes that the materials problems of 
this method turn out to be very awkward: otherwise, a generation hence, an exceptionally ingenious 
schoolboy will probably be able to enrich significant amounts of uranium in the cellar. In this event 
it would be necessary to treat even uranium ore as a strategic material subject to Baruch-style controls. 

106 McPhee, J, The Curve of Binding Energy, Farrar, Straus, & Giroux (NY), 1974; originally a "Profile" in 
The New Yorker, 3/10/17 Dec 1973. See also Burnham, D, NY Times, p 26, 29 Dec 1974, in which it is 
stated that "there already were two known instances where Government employees were discovered to have 



facilities enough special nuclear materials to fashion a nuclear weapon." A 
carefully worded denial appears in USAEC,Press Release U-3, 2 Jan 1975. A well-documented 1970 case 
of nuclear blackmail by a 14-year-old schoolboy without any strategic material is described by Lapp, 
R, NY Times Magazine, 4 Feb 1973, and by Ingram, TH, Washington Monthly, p 20, Dec 1972. 

107 Rosenbaum, D Met al., "A Special Safeguards'study", internal Task Force Report to the Director of 
Licensing, USAEC, 1974; reprinted in 120 Congr Rec S6621-30 (30 Apr 1974). 

108 Geesaman, DP, "Plutonium Diversion", presented to the Energy Panel on Radiological Issues Related to 
Nuclear Power Plants, Science and Technology Council, California State Assembly, 15 June 1972. Much 
of this complilation consists of remarks by prominent members of the Institute of Nuclear Materials 
Management (Tenth Annual Meeting, Apr 1969, q.v. Stockholm Conference Eco 2, 11, 4 (8 Sept 1972), 
FOE Inc (Ref 3), and Environment 14, 8, 14 (1972); Eleventh Annual Meeting, May 1970; INMM Report 
"Nuclear Materials Safeguards in Transportation", 15 May 1970). See also Shapley, D, Science 172:143 
(1971); WASH-1147 (USAEC, 1969); Nucl News, p 16, Dec 1969, p 36, July 1970, and pp 112-3, June 1974. 

109 Mentioned106, but fortunately not yet described, in the literature is a design approach (based on 
oxide powder) of such simplicity that reduction to, and fabrication of, fissionable metal are eliminated. 

110 Hall, DB, "The Adaptability of Fissile Materials to Nuclear Explosives", Oct 1971 MS (out of print); 
slightly revised version reprinted at p 275 in Leachman, RB and Althoff, P, eds, Preventing Nuclear 
Theft: Guidelines for Industry and Government, Praeger (NY), 1972. 

111 Mark, Jc, "Nuclear Weapons Technology", in Feld, BT et al., eds, Impact of New Technologies on the 
Arms Race, MIT Press (Cambridge, Massachusetts), June 1973. 

112 Jauho, P and Virtamo, J, "The Effect of Peaceful Use of Atomic Energy upon Nuclear Proliferation", 
Helsinki Arms Control Seminar, Finnish Academy of Arts and Letters, June 1973. 

113 Comptroller General of the us, B-164105, us General Accounting Office, 7 Nov 1973 and 12 Apr 1974; 
Gillette, R, Science 182:1112 (1973); Nature 246:241 (1973). 

114 In many countries, amateur weapons fabrication is officially considered not to be credible. This is 
apparently because ~e government experts responsible for these matters are so impressed by the 
difficulty of designing compact, lightweight, efficient, and reproducible weapons that they cannot 
readily conceive of the potential effectiveness of far simpler design philosophies, particularly those 
in which generous margins are substituted for elaborate calculations. 

115 Thus the Rosenbaum Report107 states: "Just the normal errors of transposed figures and misread instru
ments are a continuing problem, and the confusion which can be introduced by i!s person skilled in the 
analytical arts and the physics and chemistry of a process is frightening. The standard samples to 
labs can be altered to force a bias on the whole process. Interfering materials can be added to 
samples and process lines. Instruments can be made to give erroneous results. The very complexity 
of the process invites tampering of a kind which defies detection." Even without such tampering, 
the inherent imprecision of the assays has already produced a cumulative US total of strategic "materiay 
unaccounted for" that is measured in tons10 6 

116 Kriegsman (op. cit., Ref 121) states that "serious consideration is being given to the concept of 
co-location of various nuclear operations--fuel reprocessing, fabrication, and storage--in nuclear 
centers.***While from the safeguards standpoint, such co-location seems to offer many advantages over 
the relatively disparate system now operating, we must give closer attention to whether a centralization 
of various nuclear facilities may be disruptive environmentally and unfeasible economically. And, of 
course, public acceptance is another important consideration. The entire concept is still under 
review.***For the foreseeable future, ••• we plan to continue to keep careful watch on the transporta
tion of nuclear materials." Careful watch, and vault storage, did not prevent the theft of an 
England-to-Canada gold shipment (The Times (London), p 1, 22 Feb 1975) nor innumerable similar thefts 
of valuable materials in transit. Moreover, co-location exposes all the facilities to common hazards, 
would change the basic structure of many utility industries, and is inconsistent with their well
advanced plans for dispersed siting. 

117 on 24 Nov 1973, The Times (London) and The Washington Post both reported that according to the leading 
Egyptian commentator M H Heykal, Egypt had tried to develop, and Libya to purchase, nuclear weapons. 
Libya seems to continue to entertain nuclear ambitions (AP, 13 Jan 1975). Of course, governmenta1 
diversion of civilian nuclear materials under the control of non-nuclear States presents problems Ol 
somewhat different from those of external theft by or on behalf of governments, groups, or individuals, 
but the prognosis is essentially the same in both cases. See SIPRI, Nuclear Proliferation Proble7~ 
(Stockholm, 1974). The spread of strategic materials may take strange forms, as when one of many 8 
misrouted shipments of strategic material, in this case travelling across a California city, ended in 
Tiajuana, Mexico (the AEC report was entitled "Inadvertent Export of Special Nuclear Material"). It has 
been claimed, and officially denied, that one US commercial airliner hijacked to Cuba contained a 
strategic shipment; new regulations banning such shipments came into effect about a month later. 

118 USAEC Commissioner Larson, addressing the Tenth Meeting of the Institute of Nuclear Materials Manage
ment, remarked108, "Once special nuclear material is successrully stolen in small and possibly eco
nomically acceptable quantities, a supply-stimulated market for such illicit materials is bound to 
develop. And such a market can surely be expected to grow once a source of supply has been identified. 
As the market grows, the number and size of thefts can be expected to grow with it, and I fear such 
growth would be extremely rapid once it begins.• 

119 A strong case can be made that despite the limited effect of IAEA safeguards, export of us reactors 
and licensing of us reactor technology abroad should be suspended until all nations involved have 
ratified the Non-Proliferation Treaty. (Likewise abroad: British plutonium exports to non-NPT-ratifiers 
have aroused much concern.) Indeed, concern ought not to be limited to nations directly involved in 
such transactions, since nations as well as individuals or groups might become economic speculators: 
e.g. some nations now possessing strategic materials and knowledge of how to use them may have very 
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la~ 
strong incentives to sell such assets to nations now wholly outside the active nuclear community. See 
Stevenson, A E III, Foreign Affairs, Oct 1974 (inserted in the Congressional Record by fellow-Senator 
Muskie on 9 Oct 1974 at Sl8583-6). With a widely shared inconsistency, in his speech S-21-74 of 18 
Dec 1974, USAEC Commissioner (now USNRC Chairman) Anders expresses considerable faith in international 
cooperation on safeguards, but simultaneously argues that unilateral US restriction of nuclear exports 
is pointless because "Six other cou.'1tries offer reactors for sale abroad, thus effectively undercut
ting our ability to demand a particular moral tone from the world in these matters." Nuclear exports 
may also be involuntary: according to The Times (London), p 8, 2 May 1974, a smuggling ring has 
apparently been supplying uranium "metal" (grade not mentioned) from the Jaduguda plant in Bihar, India 
to Chinese or Pakistani agents in Nepal. The article concludes, "Five people, including two workers at 
the plant, were arrested ••• and 3.75 kilograms of highly finished uranium powder was recovered from one 
of them." A further report (ibid., 8 Oct 1974) states that the uranium concentrate stolen amounted to 
about $2.5 million worth, i.e. perhaps some hundreds of tons. 

Mondale, Senator W F and Hart, Senator PA, letter to Chairman, USAEC, 26 Sept 1974 (available from 
NRDC, Ref 73). 

Despite persuasive evidence to the contrarylOl,l05-B,ll3 , USAEC Commissioner WE Kriegsman, in remarks 
before the American Society for Industrial Security on 18 Sept 1974 (AEC News Releases 5, 39, 3 (25 
Sept 1974)), stated: " ••• I want to emphasize that while our safeguards systems cannot absolutely 
eiiminate the risk, we are absolutely certain that we have minimized the risk to an acceptable level." 
The nuclear industry has vigorously opposed as unnecessary and crippling many recently BJo~,ed 
improvements in US safeguards, though these fall far short of critics' recommendations1 ' : see 
e.g. ·Nucl Ind, pp 45-7, Feb 1973. 

Alfven, H, Bull Atom Scient 30, l, 4 (1974). 

US National Academy of Engineering, "US Energy Prospects: An Engineering Viewpoint", NAE (Washington, 
DC), 1974. See also the National Research Council report of 12 Feb 1975. 

MIT Energy Laboratory (Policy Study Group), Techn Rev 76, 6, 22 (1974). 

Jacobs, SL, Wall St J, p 26, 19 July 1974. Similar constraints apply to many other centralized, 
large-scale, high-technology devices for energy conversion: cf. the recent suspension (NY Times, p 1, 
5 Oct 1974) of plans for oil-shale development. But the special problems of electrical utilities 
have hit reactor ordering especially hard: nearly a third of US reactors announced, ordered, or 
being built had been deferred by 19 Sept 1974 (Muntzing, L M, Speech S-15-74, AEC News Releases 5, 
39, 5 (25 Sept 1974)), and roughly half by Dec 1974. In Jan 1975, faced with 12 cancellations and 
at least 100 deferrals, President Ford proposed a 36% subsidy (by tax credit) for nuclear or coal-fired 
investment by utilities. 

Parkes, c, Wkly Energy Rpt 2, 42, 10 (21 Oct 1974); Anon., Economist 253, 6852, 74 (1974), and Anon., 
The Times (London), p 15, 31 Dec 1974 report large cuts in the French PWR program. A recent appeal 
by over 400 French scientists (Le Monde, 10 Feb 1975, and The Times (London), 11 Feb 1975) suggests 
concern on other than economic grounds. 

I 

Price, J H, "Dynamic Energy Analysis and Nuclear Power"; Friends of the Earth Ltd for Earth Resources 
Research Ltd (9 Poland St, London WlV 3DG, UK), 18 Dec 1974. As with Chapman's article134 , some 
readers have voiced·criticisms based on misunderstandings, and Price is preparing textual alterations 
to avoid such misunderstandings in future and to stress that he is computing enthalpy, not free energy. 

Chapman, F 
Sept 1974, 
England). 
mate data; 

P and Mortimer, N D, "Energy Inputs and Outputs for Nuclear Pow<r Stations", ERG 005, 
revised Dec 1974: Energy Research Group, The Open University (Mjlton Keynes, Bucks., 
This is an interim report presenting preliminary and incomplete results based on approxi
a more definitive report is due in about a year. 

129 With many colleagues, the author is engaged in efforts to develop generally agreeable conventions for 
energy analysis, under the auspices of the International Federation of Institutes for Advanced Study 
(Nobel House, Box 5344, S-102 46 Stockholm). A preliminary report (by M Slesser) of the August 1974 
IFIAS Workshop at Guldsmedshyttan was drafted in Oct 1974 and published by IFIAS in early 1975. It 
will be further revised in a May 1975 Workshop. Other useful surveys are: Chapman, PF, Energy Policy 
2, 2, 91 (1974); Chap~an, PF et al., ibid. 2, 3, 231 (1974); and forthcoming articles ibid. 

130 Lem, P N, Odum, HT, and Bolch, WE, "Some Considerations that Affect the Net Yield from Nuclear Power", 
paper presented to 19th Annual Meeting, Health Physics Society, Houston, Texas, 7-11 July 1974; avail
able from authors at Energy Center, 309 Weil Hall, University of Florida, Gainesville, Florida 32611. 

131 Some authors seem to interpret the USAEC fuel~cycle analysis (WASH-1237 and WASH-1248, which show that 
direct process inputs of energy to the fuel cycle of LWRs amount to approximately 4-5% of the lifetime 
reactor output) as proof that the energy output-to-input ratio of such a reactor is about 20-25. 
This class of energy inputs, however, is only one"of many significant terms in the total energy 
budget132 • (Incidentally, the 4-5% figure is probably too low: Creagan, R J, "Net Output of Energy 
from Nuclear Sources", Westinghouse Power Systems Planning, Pittsburgh, Oct 1974, gives about 7%.) 

132 Many colleagues have urged the author to publish an estimate of the sort he has given for heuristic 
value in seminars. He does so here--as Chapman and Mortimer have done128--with the greatest reluc
tance, as the available data are so extremely rough as to show only the need for far better data, and 
if published to reduce confusion arising from garbled word-of-mouth accounts, may be misinterpreted as 
authoritative. The following numbers, then, are purely illustrative back-of-the-envelope estimates, 
and must not be construed as correct, careful, complete, uniquely justified, nor even a statement of 
the author's technical opinion. From 100% of the lifetime gross electrical output of a US LWR, one 
may subtract the following inputs and losses, in any order, to arrive at net electrical energy avail
able to consumers: 10% distribution losses, 6% on-site power (pumps, controls, etc), 8% to operate 
dry cooling towers, 7% enrichment and other fuel-cycle process inputs131 , leaving 69%. The energy 
input to build the reactor and its associated transmission facilities may be very crudely estimated 
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US and UK Census of Production regressions for relatively energy-intensive heavy-engineering investment, 
and equivalent to spending a tenth of one's money on energy in the form of, say, products refined from 
$5/bbl crude oil) = 1017 J = 17% of 25-yr lifetime output at 75% load factor (or 40-year output at 47%). 
Subtracting this 17% leaves 52%. From this must be further subtracted direct and indirect energy 
requirement for building capital support facilities, incremental energy requirement for administrative 
(and, under some conventions130 which the author thinks inappropriate, land-use) overheads, energy 
requirement for R&D (amortized over all the reactors built with the technology before it becomes 
obsolete), and energy requirement for future services133 The result of this further subtraction is 
relatively small and very uncertain, and would not be much different for fast reactors than for LWRs. 
Obviously all these numbers, especially the larger terms, are probably wrong, perhaps by substantial 
factors, but their magnitudes nonetheless suggest a legitimate problem--perhaps even in the static 
case, but certainly in the dynamic case127 , where net energy yields of a program are extremely sensi
tive to the net energy yields of the constituent reactors. 

133 The possibility that single reactors may have zero or negative yields of net energy in the long run 
may sound bizarre but cannot yet be ruled out: the main uncertainty is future energy requirements for 
waste management and safeguards. These requirements may be small each year~ but may be cumulatively 
significant if incurred for 106-108 yr, as Chapman and Mortimer illustrate1 8 : "Now if a power station 
produces 1000 MW for 25 years but leaves waste materials which require a power input for maintenance 
of 100 kW for 250,000 years then the net energy output will be zero. A power input of 100 kW is 
equivalent to an annual consumption of 90 tons of steel or 25 tons of rolled stainless steel." The 
author has calculated127 from Chapman's kWh/kg data (obtained by regressions through the UK Census of 
Production, and to be published in 1975 as ERG 006) and from data in WASH-1539 (DRAFT) that the power 
requirement for storing by proposed surface-storage methods the high-level waste produced by 10,000 
reactor-years' operation is about 3- 9 MW(t). Since 10,000 reactor-years' operation produces about 
5- 6 million MW-yr of electricity, it follows that this gross output (allowing for no other inputs, 
and for a zero discount rate of energy rather than the slightly negative one that the Second Law of 
Thermodynamics requires) would be consumed by the construction and maintenance of successive 100-yr 
surface-storage facilities for aa§eriod of 106 yr, and would be consumed 100 times over if the isola-
tion period required were 108 yr Of course, less energy-intensive methods of disposal may be 
devised, but in the absence of credible technologies already demonstrated and ready for assessment, 
one may perhaps be forgiven for assuming that proposed methods of storage might have to be used 
permanently in lieu of disposal. (Indeed, it is this very possibility that has led the USEPA to reject 
WASH-1539 (DRAFT) as "inadequate".) 

134 Chapman, PF, New Scient 64:866 (1974). For comment, see ibid., 65:51,:66,:97,:160,:230 (1975). 

135 The Energy Policy Project of the Ford Foundation, A Time To Choose: America's Energy Future; Ballinger 
(Ref 3), 1974, and numerous supporting documents: EPP, 1755 Massachusetts Avenue NW, Washington, DC 
20036. 

136 Some social critics believe that equity is likely to suffer, not benefit, from further growth in 
energy conversion in rich countries. 
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The author believes this is even correct for Japan, as noted in his address ( "Energy Strategies and 
Nuclear Power: An International Percpsective") to the Centre Party/ School for Adult Education 
Symposium on Energy, Development, and Future, Stockholm, 25-6 Nov 1974. 

An elementary form of decentralization is the use of smaller units of generating capacity: thorough 
study of diseconomies of scale might suggest such action. Analyses of the consequences of accidents 
in large reactors, toot seldom consider the social impact of an "economic calamity"lOO, as expressed 
not only through partial or total loss of a large investment, but also through loss of a large block 
of generating capacity, with concomitant grid instabilities and supply shortages. Accidents or 
strikes, too, have the gravest effects in highly centralized systems whose energy output is in a form 
that cannot be readily stored in large quantities: a fact that some militant electrical trades-unionists 
in the UK already appreciate. One reportedly stated: "The miners brought the country to its knees in 
eight weeks; we can do it in eight minutes." 

us Environmental Protection Agency, "Environmental Statement Comments: LMFBR Program", Apr 1974; see 
Gillette, R, Science 184:877 (1974). 

Bupp, I c and Derian, J-C, Techn Rev 76, 8, 26 (1974). 

Holdren, JP, "Uranium Availability and the Breeder Decision", EQL Memorandum 8, Environmental Quality 
Laboratory, CalTech (Pasadena), 1974. Three further references on this subject are cited in Nucleon Wk, 
pp 6-7, 24 Oct 1974. 

Hammond, AL, Science 185:768 (1974). 

several analysts have also suggested that large LMFBRs cannot be made sufficiently reliable (or safe 
or economic) in commercial service, especially given the degree of technological sophistication of 
most utilities: e.g. Carpenter, E Wet al., "Sodium-cooled fast reactors: an electricity utility's 
perspective", in Proc Intl Conf Fast React Power Stations, British Nuclear Energy Society (London), 
14 Mar 1974 (reported in The Times (London), 15 Mar 1974). 

The staff of The Energy Policy Project have recommended135 "that the present open-ended government 
funding commitment145 to the LMFBR demonstration plant be terminated immediately. In addition, an 
independent assessment of the state of reactor technology and its associated health, safety, and envir
onmental problems should be undertaken by the National Academy of Sciences on an urgent basis •••• " 
A wide-ranging study by the US General Accounting Office is due to report in Spring 1975. 

Lovins, AB at pp 120-30 in "Hearings on the LMFBR Demonstration Plant", Joint Committee on Atomic 
Energy, us Congress, 8 Sept 1972; excerpted Bull Atom Scient 29, 3, 29 (1973); full text in Stockholm 
Conference Eco 2, 11, 2 (8 Sept 1972), FOE Inc (Ref 3). 
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. .. /0:P. 
Ebbin, Sand Kasper, R, c~t~zen Groups and the Nuclear- Power Controversy, MIT Press (Cambridge, Massa-
chusetts), 1974. Perhaps reflecting the limited range of substantive issues that invervenors can now 
cause to be explored in depth--and hence intervenors' limited impact on licensing decisions--the speech 
of L M.Muntzing (Director of Regulation, USAEC) to the 13th USAEC Air Cleaning Conference (San Fran
cisco, 14 Aug 1974) concluded that "By and large ••• intervenors have become a positive force in the 
regulatory process and we hope to obtain increasing benefit from their constructive contributions.*** 
Opponents of nuclear power, by and large, deserve credit for their ever more constructive contributions 
to regulatory processes and to public discussion of the issues." (Speech S-13-74, AEC News Releases 5, 
34, 5, 21 Aug 1974.) Legal flanking attacks continue, however; in a particularly interesting case now 
pending before the US Court of Appeals in Washington DC (Citizens for Safe Power, Inc. vs. USAEC, No. 
74-1186), the parties have stipulated that operation of the Maine Yankee reactor will present residual 
risk to the public even though it will be in full compliance with the AEC's regulations, and the peti
tioners accordingly seek to make the AEC (now the NRC) develop a record explicitly setting out the 
size and nature of the risk in order to support findings (required by law) that licensing the facility 
will not endanger, or be inimical to, the health and safety of the public. (Heretofore the AEC has 
treated these findings as mere surplusage and has only made findings of compliance with its regulations.) 

Lilienthal,. D E, "Whatever Happened to the Peaceful Atom?", Lecture III, Stafford Little Lectures 1963, 
Princeton University, 19 Feb 1963. 

Green, HP, 71 Mich L Rev 479 (1973); cf. the discussion in Nucleon Wk, 28 Nov 1974, of the 1974 veto 
of the renewal of the Price-Anderson act limiting liability for US nuclear accidents. 

Roddis, L H, remarks to Atomic Industrial Forum (International Conference, Washington, DC, Nov 1972), 
reported by Bird, D, NY Times, 19 Nov 1972; also Bird, D, ibid., 3 Feb 1974. 
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measure of what fraction of the time a power station (or a part of it, such as the steam supply system or 
the turbogenerators) is available for use if desired, either at full power or at any power level. Costly: 
"baseload" plant is generally operated whenever it is available, but not always, owing to insufficient 1 

demand, strikes, etc. Persons anxious to prove a point about capacity factor or availability are free to 
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* * * 
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INTRODUCTION 

This document is the result of a short intensive look at safeguards 

problems by five knowledgeable people who have no vested interest in 

the system as it now operates. Our mandate was "to say what ought to 

be done." We restricted our attention to the unauthorized acquisition 

\\\ 

of special nuclear materials in quantities necessary for the manufacture 

of nuclear explosives. Because of the short time allowed, we have taken 

a very broad brush view of the problem. A considerably longer study 

might, of course, lead us to modify some of our conclusions; but we doubt 

very much that we would change them in any fundamental way, regardless 

of the time and depth allowed. Readers of this paper may be interested 

in the classified paper, Diversion Scenarios, written by the same 

authors, which contains some examples of ways in which special nuclear 

material might be diverted under present regulations. 

In recent years the factors which make safeguards a real, innninent and vital 

issue have changed rapidly for the worse. Terrorists groups have increased 

their professional skills, intelligence networks, finances, and levels of 

armaments throughout the world. International terrorist organizations, 

particularly those of the Arabs, probably have the ability to infiltrate 

highly trained teams of 10 to 15 men into this country without detection. 

In addition, a number of groups in Latin America have graphically 



,,i 
shown the ability of urban terrorist groups to operate with near impunity 

for long periods of time. These groups are quite different in character 

from those more traditional rural movements which operate in close 

conjunction with the peasantry. Urban groups are normally led and 

largely staffed by upper middle class members of the establishment who 

hold, or have held, important jobs in the community. Such groups can 

have an enormous impact on a society even when they lack the strength 

to take power themselves. 

Even though safeguard regulations have just been revised,, two factors 

have appeared in recent months which make necessary a new and fundamental 

look at the problem. The first of these is the widespread and increasing 

dissemination of precise and accurate instructions on how to make a 

nuclear weapon in your basement. While such information may have always 

been available in the unclassified literature it was masked by a great 

deal of irrelevant and incorrect information, also readily available. 

There is a slow but continuing movement of personnel into and out of the 

areas of weapons design and manufacturing. These moves are sometimes 

forced and can create very strong resentments in the people involved. As 

a result, larger and larger numbers of people with experience in processing 

special nuclear materials and with varying psychological attitudes are 

dispersed in the overall industrial community. In addition, the psycholo

gical effect on terrorist groups of widespread dissemination of such in

formation should not be overlooked. 
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The second new factor is the recent start of political kidnappings 

within the United States. It is our opinion that the kidnapping of 

Patricia Hearst does not represent an isolated and passing incident, 

\\-; 

but is rather the precursor of a wave of such incidents. If not firmly 

and competently met, these kidnappings may lead to a rise of urban ter

rorist groups in this country of a sort without precedent in our history. 

These groups are likely to have available to them the sort of technical 

knowledge needed to use the now widely disseminated instructions for pro

cessing fissile materials and for building a nuclear weapon. They are 

also liable to be able to carry out reasonably sophisticated attacks on 

installations and transportation. We believe these new factors neces

sitate an innnediate and far reaching change in the way we conduct our 

safeguards programs. 



THE ESSENCE OF THE PROBLEM 

The potential harm to the public from the explosion of an illicitly made 

nuclear weapon is greater than that from any plausible power plant acci

dent, including one which involves a core meltdown and subsequent breach 

of containment. Because of the widespread dissemination of instructions 

for processing special nuclear materials and for making simple nuclear 

weapons, acquisition of special nuclear material remains the only sub

stantial problem facing groups which desire to have such weapons. 

Not only do illicit nuclear weapons present a greater potential public 

hazard than the~radiological dangers associated with power plant acci

dents, but the factors involved in preventing their potential manufacture 

have received a great deal less attention and consequently the relevant 

regulations are much less stringent. It is our strong feeling that the 

point of view adopted, the amount of effort expended, and the level of 

safety achieved in keeping special nuclear material out of the hands of 

unauthorized people is entirely out of proportion to the danger to the 

public involved and to the point of view, effort, and safety achieved in 

radiological matters,,particularly those associated with power plants. 

We believe that it is necessary to adopt the same framework for safe

guards protection as is normally used in examining the safety of 

power plants and to apply it with the same rigor and depth. In parti

cular, the threat and the systems designed to meet that threat, should 
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be viewed in terms of design basis incidents. We need to design safe

guard systems to assure that no single failure of an active or passive 

feature of any system will lead to the inability of that system to per

form its function. Only by viewing the problem in this framework can 

we take realistic and adequate steps to meet it. 

The seriousness of the problem demands a clear commitment by the AEC to 

bring the risk to the public from safeguards problems down to the level 

of public risk associated with the operation of nuclear power plants. 



I lb 
THE THREAT 

Our estimate of the maximum credible threat to any facility or element 

of transportation handling special nuclear materials is fifteen highly 

trained men, no more than three of which work within the facility or 

transportation company from which the material is to be taken. We be

lieve that the "insiders" can include anyone up to the highest levels 

of management of the organization involved. This threat estimate is 

by nature both subjective and imprecise, but we believe it to be informed 

and conservative. It was arrived at after informal discussions with 

the FBI and CIA, and based on those discussions and on prior relevant 

experiences of the members of this study. 

While any estimate of a maximum credible threat will be subjective and 

uncertain, we recommend that the AEC periodically ask the FBI and the 

CIA for formal written estimates of the maximum credible threat from 

both domestic and foreign groups. We do not believe that there is any 

need for the AEC to fund any group outside the government to make a study 

to determine the threat, as such a group is unlikely to have the capa

bilities and experience in this area which reside in the FBI and the CIA 

and, in any case, would have to get most of their current information 

from those two agencies. 

We have not made any attempt to discuss the threat imposed by particular 

groups, although we considered many such groups in making our estimate, 
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because we feel that what is at issue in this paper is the level and the 

nature of the threats involved rather than the particular organizations 

which might carry out those threats. 



I I 8 
DIVERSION SCENARIOS 

A wide range of scenarios was considered by the group. They included 

those presented by Theodore B. Taylor in the December 1973 articles in 

the "New Yorker" and his testimony before congressional committees, 

those suggested during extensive conversations with the technical and 

management staffs of organizations actively involved in the production 

of fuel elements, and those known to the members of the group from 

their own extensive involvement with security problems. The set of 

scenarios was certainly not complete, but it represented the types 

that we felt should be used as the basis for developing an effective 

safeguards system. Some of these scenarios are given in the classified 

paper, "Diversion Scenarios", by the same authors. 
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THE FUNDAMENTAL RECOMMENDATION 

By far the most important recommendation we have to make concerns the 

structure within which safeguards problems are viewed. Once the 

Commission adopts the same framework for safeguards safety as is 

normally used in examining the safety of power plants, and applies it 

with the same rigor and depth, the public hazard associated with the 

unauthorized acquisition and utilization of special nuclear materials 

will be quickly brought to the level of the hazard associated with nuclear 

power plant accidents. At present we believe safeguards hazards to be 

many times gre~ter. 

RECOMMENDATION: 

We recommend that the threat represented by unauthorized acquisition of 

special nuclear materials and the adequacy of systems to meet that threat, 

should be viewed in terms of design basis incidents. Safeguard systems 

should be designed to assure that no single failure of an active or 

passive feature of a system will lead to the inability of that system 

to perform its function. The regulations and the level of review should 

be sufficient to reduce the hazard to the public from unauthorized 

acquisition of special nuclear materials to the same level as that from 

nuclear power plants. 

In order to carry out this recommendation the budget allowed for safeguard 

reviews and the number and qualifications of the people concerned with 

safeguards will have to be substantially increased. 
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FEDERAL PROTECTION OF SPECIAL NUCLEAR MATERIALS 

Protection of the common defense and security against significant armed 

attack is not a responsibility which it is reasonable or equitable to 

assign to private industry. Private companies have neither the capability 

nor the desire to meet the sort of threats described in our document on 

diversion scenarios, much less those posed by the maximum credible threats. 

There is also a substantial question as to when private guards can 

legally use their weapons. We were told by one transportation company 

that it had written to the Attorneys General of the 48 contiguous states 

asking whether their uniformed guards can carry arms across the 

state border. They were informed in every case that they could not do 

so without a license. The company does not plan to license its guards 

to carry guns in any except its home state even though, because of AEC 

requirements, its guards will carry weapons across the country and will 

be instructed to do what is necessary to protect the SNM. Other companies 

have instructed their guards not to use their weapons to stop theft of 

special nuclear material, but only in defense of their lives. It seems 

to us that the present system of protecting facilities and transportation 

which handle special nuclear materials is inadequate. 

There are a number of other physical security problems that should be 

handled directly by the Federal government. An example of the sort of 

thing we have in mind is a Federal organization that would: 



a. Carry and protect all shipments of significant quantities of licensed 

special nuclear material. 

b. Approve (in addition to the regular licensing approval) the physical 

protection plans for fixed sites handling significant quantities of 

special nuclear material. 

c. Provide the armed guards for fixed sites handling significant quanti

ties of special nuclear material. 

d. Make prior standing arrangements to get an adequate response team 
I, 

(not necessarily of its own personnel) to the site of any attempted 

diversion in a timely manner. Sometimes this might involve a 

response by air as well as by road. In open areas, for example, it 
' 

is vital that escape by air as well as by surface vehicle can be 

monitored and interdicted. Depending on the locality this might 

involve fighter planes, radar equipped search planes, and/or heli

copters. Where necessary, prior arrangements will need to be made 

with the Department of Defense for emergency assistance. 

e. Include a Special Response Force which would respond to incidents of 

divers.ion with special equipment and trained personnel, much as the 

Joint Nuclear Accident Coordinating Center teams respond to weapons 

accidents. The Special Response Force would also have the responsi

bility to contact and coordinate any other federal, state and local 

agencies needed. 
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RECOMMENDATION: 

In order to limit the responsibility of licensees for the national 

defense and in order to insure a properly graded capability against the 

diversion of special nuclear material, we recommend the establishment of 

a federal nuclear protection and transportation service. We further 

recommend that all protection functions which could require the use of 

force be direct federal responsibilities. There are many possible ways 

to do this and the alternatives ought to be studied in a systematic 

and careful way, but an upgraded system ought to be adopted immediately 

as a temporary measure. If a small federal force is formed now it will 

help to meet the present pressing need and can be enlarged and improved 

as the need grows. 



THE NEED FOR BETTER INTELLIGENCE 

The first and one of the most important lines of defense, against groups 

which might attempt to illegally acquire special nuclear materials to make 

a weapon, is timely and in-depth intelligence. Such intelligence may in

volve electronic and other means of surveillance, but its most important 

aspect is infiltration of the groups themselves. It is not the AEC's 

business to conduct this sort of intelligence, but it is the AEC's business 

to see that those agencies of the United States Government which have in

telligence gathering responsibilities including the FBI, CIA, and NSA, 

focus their attention upon this particular threat to our national defense 

and security. While it is true that if they came upon any such informa

tion in fhe course of their general intelligence duties they would com

municate it to someone in the Atomic Energy Connnission, unless they are 

frequently prodded they will not focus more than proforma attention on 

safeguards problems and their resources will be invested elsewhere in 

response to other pressures. 

RECOMMENDATION: 

The AEC should establish a continual and strong liaison with the CIA, 

FBI, and other appropriate agencies, and should exert every effort 

to see that these agencies expend a level of resources on safeguards 

problems connnensurate with the importance of the issue. 
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DYNAMIC TESTING 

RECOMMENDATION: 

In addition to conventional compliance inspections to determine adherence 

to regulations, a dynamic testing system should be devised to provide a 

realistic examination of the overall safeguards afforded SNM by each 

licensee. We suggest-the use of gaming analysis, including "blackhat 

teams" such as those used by Sandia Labs, to study sabotage and. diversions 

involving weapons. Licensing should use the existing capability of AEC 

contractors to perform theoretical "blackhat" studies of fixed facilities 

and transportation. These studies should develop threat scenarios and 

detect systems weaknesses so that safeguards can be evaluated on a more 

realistic basis than that which can be accomplished by inspecting only 

for compliance with regulations. The resulting threat scenarios could 

form the basis for a simulated but dynamic testing of a licensee's SNM 

safeguards, and the modification of regulations to close loopholes. 



ACCOUNTABILITY: DISCUSSION 

The strong emphasis on material balance techniques for the control of 

special nuclear material has roots going back to the early days of the 

Manhattan Project. The extremely high unit values of the first materials. 

produced made process control of manufacturing at the high level of 

analytical laboratories easily justifiable on economic as well as 

strategic grounds. Even in these early days, the percent of uncertainty 

was of the same magnitude as can be obtained at the present; but because 

of low throughput and inventories, the actual quantities of materials 

involved in the uncertainties were in fact very small. 

The feeling that material balance techniques can yield uncertainties in 

the weight quantities of SNM on hand comparable to the early days still 

persists despite the fact that it is really the percent inaccuracy that is 

unch~nged. This percent of uncertainty applied to present and projected 

inventories and throughputs makes the use of the inventory and material 

balance much too gross a technique for detection of diversions which are 

large enough to be of critical importance. The uncertainties in the 

accumulated material balances of the atomic energy operation of the 

country already make it impossible to say that an explosive mass has not 

been diverted, and if reliance is placed solely on material balance methods 

that statement will have to be expanded many many fold in the near future. 

The current use of these techniques is probably not worth their cost. 
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Material balance techniques do have positive value: they are essential 

to process cont~ol and their existence has great deterent valu~ for 

those who are unaware of its limitations. 

Although inaccuracies of measurement will lead to total LEMUF's above 

critical masses this is not to say that the measurement techniques and 

concepts of current regulations and similar existing technology could not 

be used to detect diversion. In fact we believe the opposite: one can 

do something about safeguards by the use of accounting and measurement, 

but this will require a new approach to the subject. It will be necessary 

to direct the accountability effort not toward computing an overall 

balance as it now is, but toward detection of diversion. 

There are some significant obstacles in the use of accountability for 

safeguards. A serious problem with inventory and material balance 

control systems is the ease with which they can be confused by bad data. 

Just the normal errors of transposed figures and misread instruments 

are a continuing problem, and the confusion which can be introduced by a 

person skilled in the analytical arts and the physics and chemistry of 

a process is frightening. The standard samples to labs can be altered to 

force a bias on the whole process. Interfering materials can be added 

to samples and process lines. Instruments can be made to give erroneous 

results. The very complexity of the process invites tampering of a kind 

which defies detection. 



Another serious problem with using MUF's and LEMUF's as a safeguard is 

that there is no reasonable procedure for going from an observed MUF to 

a conclusion that a theft has occured. Current procedure involves 

rechecking measurements, performing a new inventory, waiting for an 

error to be found, and then cleaning equipment to recover material 

not inventoried. 

Perhaps the greatest problem with the present inventory and material 

balance control system is the lack of timeliness of the data. For large 

plants the best that is done is to give results every month. In cases 

where there are problems in closing a blance, it is often weeks more 

before a resolution of the difficulty and its assignment to error, loss 

or diversion is possible. From the point of view of safeguards, where 

the critical time to trace materials maybe in hours if not in minutes, 

this historical information is only of very limited value. It can 

never say that an explosive critical mass has not been diverted. It 

can only put a reasonable limit on how many might have been. 
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THE GOAL OF ACCOUNTABILITY IN SAFEGUARDS 

Traditional forms of industrial theft involve concealment of the acts 

of theft so that the thief can continue his employment and normal life. 

Accounting systems provide a deterent to such theft by rendering its 

exposure probable. They may also, if timely, provide aid through the 

discovery of theft to apprehension of the thief and the recovery of 

material. 

In the present context one can distinguish two kinds of theft having 

accountability relevance. First there is an individual or group that 

seeks to continue employment supplementing its income from theft and 

therefore is trying to avoid exposure. For this group the goals of 

accounting usually are deterence and capacity for ultimate disclosure 

and traceability of loss. Secondly there is a thief seeking a one-time 

diversion of a large quantity of material. Such a thief can only be 

affected by a type of accounting that can quickly disclose the theft 

and indicate his guilt. He will seek to hide his theft only long 

enough to give him time to avoid pursuit or, if the quanitities he has 

stolen are insuf,ficient for his purposes, to steal more. 

Two of the most crucial roles of accountability are thus related to its 

deterent effect and its timely ability to detect large but su.bcritical 



concealed diversions of a kind such that the thief will desire to steal 

more within a short time. 

A third crucial role of accountability is the ability to detect very 

large diversions of material in the time period between its removal 

from "where it should be" and its physical removal from the plant to a 

place of concealment. This is the most difficult task since it may 

require detection in hours or less. 

The explicit needs of accountability required by these goals are: 

1. Deterrence of the long-term thief: high probability at.ultimate 

detection and high probability of tracing of losses. Rapid 

detectability is of value primarily for tracing. 

2. Detection of subcritical thief: high probability of discoyery. 

The time scale needed depends upon the frequency with which 

thefts can be made. 

3. Detection of gross theft: timeliness is crucial and daily 

information would be desirable. 

It is not sufficient that an accounting system provide that a shortage 

in material show up in the measurements. Measured shortages 

may rise from faulty equipment, reading errors, recording errors, 

computer failures, accidental misplacement of materials, accidental 
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spillage, misalignments and many other sources. It is necessary that the 

accounting system have, in addition to a timely ability to detect shortage, 

a timely ability to trace the shortage to specific areas, batches of materi 

work shifts, or other categories in order that it can serve as a credible 

deterent, facilitate elimination of other causes, and make possible 

timely detection of the theft. 

A plan to immediately tighten the physical security of the plant, and 

interviewing of staff, etc., in the event of a large measured shortage 

is also needed. If accounting procedures give daily checks they may 

discover in-plant diversions before physical removal from the plant 

is completed. They have little value if they are delayed until after 

removal. 

In developing effective accountability procedures one can distinguish 

two kinds of stealable items that require sharply different approaches. 

There are: 

1. Removal of container, substitution of content in containers, 

,, removal of identifiable objects, content of vaults, etc. 

2. Removal of material in bulk state from processes or between 

I processes, removal of unpackaged scrap. 
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Detecting the former represents a straightforward accounting problem, 

that can be attacked by standard procedures, as discussed in the recom

mendations below. They involve such measures as redundant measurement, 

redundant measurement responsibilities, remote files, tamper checking 

as well as tamper safing, frequent counting and spot checking. 

Safeguards against the latter may require ingenious measurement 

techniques tailored tq the diversion vulnerabilities of the particular 

process line in question. We recommend below that in the latter case 

both the AEC and licensees continually analyze for diversion paths and 

measurement technique needs in each individual plant on a continuing 

basis. 
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ACCOUNTABILITY: RECOMMENDATIONS 

EMPHASIS ON HUF AND LEHUF 

Because of the finite errors in the methods of analysis; because these 

errors cannot be reduced to a size which is much smaller than has been 

experienced in the past; because of the way i~ which errors must accumu

late in the calculation of an inventory based on many measurements; be

cause of the human factors and the statistics of the system; there does 

not appear to be any way in which the measurement of the total inventory 

\33 

of an operating plant, or even a large segment of that inventory, can ever 

be known to better t~an one tenth of one percent. At the present time 

the real possibilities are much closer to a one percent error in the com

plex systems used to generate fuels containing SNH. Huch of the difficulty 

with plutonium is related to its complex chemistry and the extreme health 

hazard presented by this element. The same error, of near to one percent, 

can be expected in the more advanced uranium systems where efforts are 

being made to generate fuels which can operate at very high temperatures. 

These uranium fuels will be complex composites of refractory materials 

which require many operations to generate and each compl,exity introduces 

a new element of irreducible error. With the expected throughputs of 

thousands of kilograms per year these errors are too large to allow any 

significant safeguards dependence on HUF and LEHUF data. 

Beyond the lack of sensitivity of the data generated is its lack of 

timeliness. Even on a monthly basis Inventories are difficult to finish 
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before the next inventory begins and the detection of a diversion after 

months time removes much of the significance of the detection. Even 

when an inventory change is detected, it is really necessary to check 

the whole inventory process for error and to redo the inventory to 

generate a better statistic before a declaration of diversion is justified. 

This process takes several weeks more. In the meantime any feeling of 

confidence is based on the physical protection system and the evidence 

that it has not been violated.. The time delay in the inventory system 

is long enough to allow a skilled diverter to have constructed an 
I 

explosive devi~e before the system can reach a conclusion that diversion 

has taken place. On the basis of timeliness as well as on the basis of 

sensitivity the calculation of inventories as exemplified in the MUF 

and LEMUF concepts fail to provide safeguards. 

RECOMMENDATION 

We reconnnend that the concept of a periodic measure of material balance 

around large flows and inventories as expressed in the current concepts 

of MUF and LEMUF be abandoned as a basis of safeguards. 
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DOUBLE CONTINGENCY IN MEASUREMENT 

One of the more likely techniques for diversion is the falsification of 

measurement either by a direct entry into the record of false numbers, 

alteration of instrumentation, the changing of the contents of a measured 

batch after measurement, or the substitution of one material for another 

of similar properties. In those instances where measurements are made by 

single individuals it would seem that there could well be another check 

of the same measurement in the normal operations of the process, especially 

if it was a simple determination, such as mass. A container of material 

could be weighed as it left one process area and weighted again as it 

entered the next. Some change in ~he recorded weights would be expected, 

due to the absorption of moisture for example, but a comparison of 

the measured change with that routinely expected would be a valid 

and useful check for tampering. 

Where duplication of a measurement would not be an easy process, it 

should be possible to have representatives of two separate parts of 

the plant system observe the taking of a single set of measurements 

as a check on the accuracy of the step and the recording of the data. 

In many instances one can measµre two or more properties of the batch 

with high precision so that tampering or replacement can be more easily 



detected. Precise measurements can be made of the weight and neutron 

radiation from a container of material so that plutonium can not 

as easily be replaced with inert material. The results of the 

neutron radiation measurement can be kept inaccessible to the operator 

in a remote data bank for use in rechecking the container at a later 

time. With two or more precise measurements of the nature of a batch 

one can check accurately for changes in the contents without the need 

for an accurate measurement of the contents. 

RECOM}lENDAT ION 

We recommend the adoption of a philosophy of double contingency in mea

surement through the scheduling of measurements out of and into process 

or storage steps the observation of measurements by two independent individuals 

with redundant responsibilities, and, where possible, the precise measurement 

of two or more parameters of a given batch for tamper checking purposes. 
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COUNTING OF OBJECTS 

ln many of the production operations involving SNM very large numbers 

of similar objects, like fuel pellets, are made. Because of the small 

size of the critical mass, large numbers of small batches of material 

are generated in all operations involving SNM. The large numbers of 

items and containers offer a means of adding to the amount of information 

about the production process and hence to the safeguards information. 

It should be possible to count the numbers of fuel pellets passing through 

a given step in the process, the number going into product, and the 

number going into salvage, in the way a bank counts coins. 

The number of containers moved from one area or process step to another 

should be collected. The adoption of containers with easy to differentiate 

characteristics, colors, or shapes would allow the establishment 

of classes of containers, which could increase the information content 

of container counting. 

The numbers of objects of different types moving about the system are 

easily subjected to analysis against an established model. Any deviation 

can serve as an indication of a change which might be be part of an 

internally generated diversion. 

RECOMMENDATION 

We recommend that any object generated in operations involving SNM be 

counted as soon as an identifiable shape is established and that a number 

count of movements of these items be maintained as they progress through 

the process until identity is lost. 



FREQUENCY OF MEASUREMENT AND ANALYSIS 

For the detection of diversion there needs to be special emphasis on the 

timeliness of the data collected. The larger the rate of diversion the 

shorter the time to detection needed. For the diversion of large amounts 

of materials, several kilograms in the case of plutonium and several 

10 1 s of kilograms in the case of uranium-235, detection is needed within 

hours at the very most. Those measurements which can aid in the detec-

tion of diversions of large quantities of materials should be made 

frequently, but their cost can be low. Among them would be numbers from the 

counting of containers, the measurements of mass; and measurements which 

indicate the operating inventories of equipment on a continuing basis, such 

as liquid level, neutron and gamma background. These easy and frequently 

taken numbers, when combined with the numbers generated in the transfers 

between processes, can be of great importance in the detection of 

diversion. There should also be some measurements of the contents of 

storage areas and vaults on a continuing basis. While these measurements 

might not include the whole inventory on any given day, they should 

include a significant portion, say ten percent on a random basis, so 

that all containers would be checked within a month after they were 

introduced into the process. 

The flow of data from all measurements, large and small, should be 

compared to expectations on a daily basis. Much of the data should 

be put into a computer data bank and immediately checked against expectations. 
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RECOMMENDATION 

We reconunend that emphasis be given to the frequent collection and 

analysis of easily o?tained numerical information about SNM processing 

plants. This information should be compared against a working model of 

the system on a daily basis and where possible should be compared against 

expectations immediately. Every attempt should be made to employ 

measurement techniques that yield material balance consistency checks 

within a period of one day. 



DIRECT DETECTION OF DIVERSION BY MEASUREMENT TECHNIQUE 

Because of the relatively large percentage errors inherent in most of 

the measurements systems which can be applied to the detection of the 

diversion of SNM on a timely basis, it is necessary to apply them directly 

to the process stream. The use of by-difference techniques between 

the flows in large streams is sure to result in a lack of sensitivity. 

In a manner analogous to the way door monitors are used to detect the 

diversion of small amounts of SNM moving through the entrances of a 

building, there should be measurements of the possible small flows out 

of the main processing lines to salvage operations through direct and 

expected routes like the collection of grinding swaf, qr through 

indirect routes like the materials collected on filters in the venti

lation system. These methods do not have to be too sensitive to be 

useful if the method of diversion are anticipated. For example, one 

problem is the passing of SNM through portals opened for a test or real 

emergency situation. Here the only requirement is the ability to detect 

the diversion of a gross amount through an infrequently used path. The 

effort against diversion should be based on a continuing "diversion path 

analysis" so that the means of detection are continually tuned to the 

problems posed by diversion. 

RECOMMENDATION 

We recommend the establishment of a continuing effort on "diversion path 

analysis" by the AEC with the objective of insuring an increasingly 

effective application of advanced measurement techniques to the solution 
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of safeguards problems. We further recommend that the licensees be re

quired to perform such analyses in their facilities, and to formulate 

measurement schemes to protect against every potential diversion path 

discovered. 



SAFEGUARDS AS AN ORGANIZATIONAL FUNCTION 

Since safeguards are really the protection of the system against events 

which are determined more by people and their attitudes from day to day 

than by the outcome of many fixed decisions of some time past, what is 

done on one day affect~ the nature of the result on the next. To assure 

the dynamic character of safeguards activities they must be the primary 

activity, even if not the sole activity, of at least one organizational 

position of authority in all groups which are involved with SNM. This 

position needs to be structured so that there is a very frequent re

examination of the basis of the ongoing safeguards program in cooperation 

with all of those involved in production, physical protection, accounting, 

quality assurance, safety, and personnel in order that the condition of 

the operation and its people can be treated as part of the whole problem. 

There must also be an ongoing analysis of the attitudes of the people in 

the plant and the community around the plant. 

RECOMMENDATION 

We reconnnend that an organization be established by each licensee with.the 

duty of examining all of the data which relates to safeguards, including 

material flow information and information about personnel. We further 

recommend that as part of its responsibility this organization should 

make a daily determination of the most likely deviation from measurement 

expectations which could have safeguards significance and investigate 
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it. The committee should have the duty to suggest changes which might 

be made in the materials flow measurement, the physical protection 

technique or the assignment of personnel that could promote safeguards 

efficiency. 



CONCLUSION 

It is our hope that this study will contribute to a new understanding of 

the level of danger represented by the potential acquisition of explo

sive quantities of special nuclear material by malevolent people. We 

feel that the danger is large and growing due to the widespread and in

creasing dissemination of precise and accurate instructions on how to make 

simple nuclear weapons, and due to the increasing professional skills, 

intelligence networks, finances, and level of armaments of terrorist 

groups throughout the world. 

The essence of the problem as we see it is the following. The potential 

harm to the public from the explosion of an illicitly made nuclear weapon is 

greater than that from any plausible power plant accident, including one 

which involves a core meltdown and subsequent breach of containment. The 

factors involved in preventing the illegal acquisition of special nuclear 

material and the subsequent manufacture of nuclear weapons have received a 

great deal less attention than those associated with power plant accidents. 

The relevant regulations are far less stringent and we feel they are en

tirely inadequate to meet the threat. The seriousness of the problem de

mands a clear commitment by the AEC to bring the risk to the public from 

safeguards problems down to the level of public risk associated with the 

operation of nuclear power plants. 
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The report contains .a number of specific reconnnendations. By far the most 

important is that the threat represented by unauthorized acquisition of 

special nuclear material and the adequacy of systems to meet that threat, 

should be viewed in terms of design basis incidents. Safeguards systems 

should be designed to assure that no single failure of an active or passive 

feature of a system will lead to inability of that system to perform its 

function. In addition to this general reconnnendation we have made speci

fic recommendations about physical protection, the need for better intelli

gence, and the use of dynamic testing. 

We feel that the use of MUFs and LEMUFs have very little if any value for 

safeguards and that the current use of these techniques is probably not 

worth their co.st. We do believe that one can do something about safeguards 

by the use of accounting and measurement, but this would require a new ap

proach to the subject. It will be necessary to direct the accountability 

effort not toward computing an overall balance as it now is, but toward the 

detection of diversion. We recommend that the current concepts of MUF and 

LEMUF be abandoned as a basis of safeguards and that they be replaced by a 

different type of accounting and measurement system, which we have sketched 

out in the report. 

Even though safeguard regulations have just been revised and strengthened, 

we feel that new regulations are inadequate and that immediate steps 

should be taken to greatly strengthen the protection of special nuclear 

materials. We hope that this paper will contribute in a positive way to 

the speedy implementation of such steps. 
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Plutonium Recycle: 
The Fateful Step 

Impending move to reprocess fuel would escalate the risks of nuclear power 

I fear that when the history of this centur~ is 
written, that the greatest debacle of our nation 
will be seen not to be our tragic involvement in 
Southeast Asia but our creation of vast armadas 
of plutonium, whose safe c<Jntainment will :ep
resent a major precondition for human survival, 
not for a few decades or hundreds of years, but 
for thousands of years more than human civili
zation has so far existed. 

James D. Watson 
Nobel Laureate, Medicine 

J. GUSTAVE SPETH, ARTHUR R. TAMPLIN 
and THOMAS B. COCHRAN 

The Atomic Energy Commission, if unchecked, is 
about to sow the seeds of a national crisis. The Com
mission now proposes to authorize the nuclear power 
industry to proceed to use plutonium as fuel in com
mercial nuclear reactors around the country. The re
sult of a decision approving this commercial use of 
plutonium will be the creation o~ a large ci_vili3:n plu
tonium industry and a dramatic escalation m the 
risks posed by nuclear power. 

This decision to launch what the AEC calls the 
plutonium economy is the _conclusion ?f the AEC's 
recently released draft environmental _impact stat<:
ment for plutonium recycle: the recyclmg of plutom
um as fuel in the present generation of light water 
reactors [1, 2]. The final version ?f the impa~t _state
ment which is expected to confirm the decis10n to 
auth~rize plutonium recycle, is due in a few months. 

Plutonium is virtually unknown in nature; thee~
tire present-day inventory is man-made, I?ro~uce~ m 
nuclear reactors. Plutonium-239, the pnncipal iso
tope of this element, has a half-life of 24,000 years, 

J. Gustave Speth (attorney), Arthur R. Tamplin 
(biophysicist) and Thomas B. Cochran (nuclear 
physicist) are on the staff of the Natural Resourc~s 
Defense Council in Washington, D. C. Dr. '!'amplm 
is on leave of absence from the Lawrence Livermore 
Laboratory of the University of California. 

hence its radioactivity is undiminished within human 
time scales. It is perhaps the most toxic substance 
known. One millionth of a gram has been shown ca
pable of producing cancer in animals [3]. Plutonium 
is also the material from which nuclear weapons are 
made. An amount the size of a softball is enough 
for a nuclear explosive capable of mass destruction. 
Scientists now widely recognize that the design and 
manufacture of a crude nuclear explosive is no longer 
a difficult task technically, the only real obstacle 
being the availability of the plutonium itself [ 4]. 

We believe that the commercialization of plutoni
um will place an intolerable strain on our society 
and its institutions. Our unrelenting nuclear tech
nology has presented us with a possible new fuel 
which we are asked to accept because of its potential 
commercial value. But our technology has again out
stripped our institutions, which are not prepared or 
suited to deal with plutonium. Those who have asked 
what changes in our institutions will be necessary to 
accommodate plutonium have come away from that 
enquiry profoundly concerned. And the AEC's en
vironmental impact statement does not allay these 
concerns. It reinforces them. 

The AEC concedes that the problems of plutonium 
toxicity and nuclear theft are far from solved and in
dicates that they may not be for some years. Yet it 
concludes, inexplicably, that we should proceed. 
Whether stemming from blind faith in the technol
ogy it has fostered or from callous promotion of the 
bureaucratic and industrial interests of the nuclear 
power complex, the AEC's proposal cannot be justi
fied in light of what we know and, just as important, 
what we do not know. 

The fuel now used in present-day reactors, the 
light water reactors, is uranium which has been en
riched; the uranium-235 content is increased from 
O. 7 percent present in natural uranium to about 3 
or 4 percent. Uranium-235 is a fissionable isotope of 
uranium, the remainder being non-fissile uranium-
238. Unlike plutonium, uranium fuel is not extreme
ly toxic, and it is not sufficiently rich in uranium-~35 
to be fashioned into nuclear weapons. The uramum 
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The current AEC radiation protection standards governing the amount of plutonium to 
which members of the public can be exposed are roughly 100,000 times too lax. 

can be enriched to weapons grade material only with 
extremely sophisticated technology which is not 
available to the public, notably gaseous diffusion 
plants. 

While present-day reactors are operating, how
ever, they are also producing as a by-product mod
erate amounts of plutonium, principally plutonium-
239. A typical large reactor produces about 200 to 
250 kilograms of plutonium each year. Since this 
plutonium is easily fissioned, it can be used as reac
tor fuel. Plutonium recycle is the nuclear industry
AEC proposal to recover the plutonium produced in 
light water reactors, process it and recycle it as fuel 
back into these reactors. · 

Several critical steps are involved in recycling this 
plutonium. First, the used or spent fuel from the re
actor must be shipped to a fuel reprocessing plant 
where the plutonium is recovered from the spent fuel, 
converted to oxide form and shipped to the next fuel 
cycle stages-the fuel fabricating and assembly 
plants. At a fuel fabricating plant the plutonium ox
ide will be mixed with uranium oxide into mixed 
oxide fuel. This mixed oxide fuel will be fabricated 
into fuel pellets, the pellets will be placed in fuel rods, 
and these rods will be collected into fuel assemblies. 
These assemblies will then be sent to the reactors for 
use, thus completing the fuel cycle. 

At this point plutonium recycle has not yet begun, 
and there is no major industrial commitment of re
sources to it [5]. No major commercial plutonium 
fuel fabricating plants are operating or under con
struction.* No commercial reprocessing plants are 
operating now.** Reprocessing plants, in addition to 
recovering plutonium and other fission products from 
the spent fuel, are supposed to solidify high-level 
wastes and ship them to a permanent AEC reposi
tory for perpetual management. As yet, however, the 
AEC has no such repository. Nor does the AEC know 
whether the technology and social institutions for 
isolating these high-level wastes for geologic periods 
can be made available. 

If the plans of the AEC and the nuclear indu~try 
are permitted, however, a major plutonium industry 
will develop quickly. Some 140 tons of plutonium 
could be recovered from commercial reactors by 1985 

*There are, however, several small commercial facilities 
that process plutonium for research and development pur
poses. 

* *The first commercial reprocessing plant built in the 
United States, Nuclear Fuel Services m West Valley, New 
York, was shut down in 1972 for repairs and enlargement. 
The Midwest Fuel Recovery Plant under construction near 
Morris, Illinois, has been declared an almost total loss due to 
faulty design and construction [6]. The Barnwell Nuclear 
Fuel Plant in South Carolina is 70 percent complete. Thus, 
since mid-1972, all spent fuel from light water reactors has 
been simply stored and not reprocessed. 

and some 1,700 tons by the year 2000 [7]. A pluto
nium industry by the turn of the century could in
volve hundreds of light water reactors fueled with 
plutonium, perhaps a score of fuel reprocessing and 
fabricating plants, and thousands of interstate and 
international shipments containing hundreds of tons 
of plutonium. 

Plutonium Toxicity 

The most pernicious product of the nuclear indus
try is plutonium. Microgram quantities in skin 
wounds cause cancer, and in the body plutonium is 
a bone seeker where, once deposited, it can cause 
bone cancer. But plutonium is most dangerous when 
inhaled. Donald Geesaman explains this hazard: 

Under a number of probable conditions plutonium 
forms aerosols of micron-sized particulates. When lost 
into uncontrolled air these particulates can remain sus
pended for a significant time, and if inhaled they are 
preferentially deposited in the deep lung tissue, where 
their long residence time and high alpha activity can 
result in a locally intense tissue exposure. The lung 
cancer risk associated with these radiologically unique 
aerosols is unknown to orders of magnitude. Present 
plutonium standards are certainly irrelevant and prob
ably not conservative. Even so, the fact that under 
present standards, the permissible air concentrations 
are about one part per million billion is a commentary 
on plutonium's potential as a pollutant [3]. 

To determine whether the AEC's radiation pro
tection standards for plutonium are inadequate, as 
Geesaman suggests, two of the authors of this article 
undertook a review of the biological evidence for the 
Natural Resources Defense Council (NRDC). Their 
report, Radiation Standards for Hot Particles [9], 
concludes that plutonium particulates or hot par
ticles are uniquely virulent carcinogens and that the 
current AEC radiation protection standards govern
ing the amount of plutonium to which members of 
the public can be exposed are roughly 100,000 times 
too lax. 

The lung cancer risk associated with hot particles 
of plutonium, as estimated by Tamplin and Cochran, 
is comparable to the lethal dose of botulin toxin, a 
biological warfare agent. Certainly one would hope 
tliat this nation would give careful consideration and 
pursue all alternatives before implementing an ener
gy policy based on such toxic materials. 

As a result of this study, NRDC formally petitioned 
the AEC and the Environmental Protection Agency 
to reduce the present maximum permissible exposure 
levels by 100,000. Neither the AEC nor the EPA have 
responded finally to NRDC's petition, but the petition 
is now being considered by National Council on 
Radiation Protection and Measurements, National 
Academy of Sciences, Biophysical Society and sev
eral AEC national laboratories. Moreover, EPA will 



shortly commence a series of hearings and other in
itiatives on plutonium-related issues, including the 
hot particle controversy. 

Although the adequacy of the AEC's plutonium 
standards is thus a matter of considerable doubt and 
great controversy, the AEC's draft environmental im
pact statement for plutonium recycle simply assumes 
that the present standards are adequate. The entire 
risk analysis of the statement, as well as the ultimate 
decision to proceed with plutonium recycle, are based 
upon a premature and unexplained :rejection of the 
hot particle hypothesis. Yet, the AEC is forced to 
concede that this hypothesis "is being given careful 
consideration in a separate proceeding" [2, chap. 4, 
pp. 5-7]. 

We submit that the AEC has no basis whatever to 
conclude that plutonium recycle will not cause undue 
risk to the public health and safety until it has either 
satisfactorily resolved the hot particle issue or calcu
lated the impacts of plutonium recycle using the as
sumption that hot particles are uniquely carcino
genic. The AEC's draft environmental impact state
ment for plutonium recycle does neither. However; 
the more basic issue is whether we want our energy 
system based on a material of unprecedented 
toxicity. 

Some plutoniuIJl contamination of the environ
ment has already occurred, due principally to the 
atomic weapons program. The leakage of plutonium 
from contaminated oil at the AEC's plutonium wea
pons plant at Rocky Flats, 10 miles west of Denver, 
Colorado, led to an uncontrolled source of plutonium 
which was much larger than the integ:rated effluent 
loss during the 17 years of plant operation. Tens to 
hundreds of grams of plutonium went off-site, 10 
miles upwind from Denver [3, p. 59]. 

The Nuclear Materials and Equipment Corpora
tion (NUMEC) of Apollo, Pennsylvania, was recently 
fined $13,720 for a i6 count violation of AEC regu
lations ranging from failure to follow radiation moni
toring procedures to failure to comply with certain 
safeguards requirements [9]. Production workers 
at Nuclear Fuel Services, Inc. in Erwin, Tenn., a fuel 
processing and fabricating facility, met with AEC 
inspectors on August 13, 1974 to complain about 
the absence of even the rudiments of accepted health 
physics practices at that plant. Occurrences such as 
these can reasonably be expected to multiply greatly 
if plutonium is made a major article of commerce. 

Nuclear Theft 

On May 18 of this year the world was made dra
matically aware of the relationship between nuclear 
power and nuclear weapons when India exploded a 
nuclear device made from plutonium taken from a 
peaceful reactor built with Canadian assistance. The 

magnitude of the threat posed by the availability of 
plutonium from power reactors is set out by Willrich 
and Taylor in their book Nuclear Theft: Risks and 
Safeguards: 

As fuel for power reactors, nuclear weapon material 
will range in commercial value from $3,000 to $15,000 
per kilogram-roughly comparable to the value of black 
market heroin. The same material might be hundreds 
of times more valuable to some group wanting a power
ful means of destruction. Furthermore, the costs to so
ciety per kilogram of nuclear material used for destruc
tive purposes would be immense. The dispersal of very 
small amounts of finely divided plutonium could neces
sitate evacuation and decontamination operations cov
ering several square kilometers for long periods of time 
and costing tens or hundreds of millions of dollars. The 
damage could run to many millions of dollars per gram 
of plutonium used. A nuclear explosion with a yield of 
one kiloton could destroy a major industrial.installation 
or several large office buildings costing hundreds of mil
lions to billions of dollars. The hundreds or thousands of 
people whose health might be severely damaged by dis
persal of plutonium,. or the tens of thousands of people 
who might be killed by a low-yield nuclear explosion in 
a densely populated area represent incalculable but im-
mense costs to society [ 4, pp. 107-108]. · 

In our troubled world, terrorist activity and other 
forms of anti-social violence are an almost daily oc
currence. A recent AEC study identified more than 
400 incidents of international terrorism earned out 
by small groups· during the past six years [10]. In an 
age of bombs and bomb threats, of aircraft hijacking, 
of the ransom of diplomats and the murder of Olym
pic athletes, the risks of nuclear theft, blackmail and 
terrorism are not minimized even by some of the 
most ardent supporters of nuclear energy. Thus 
former Atomic Energy Commissioner Clarence Lar
son has described the evolution of a plutonium black 
market: 

Once special nuclear material is successfully stolen in 
small and possibly economically acceptable quantities, 
a supply-stimulated market for such illicit material is 
bound to develop. And such a market can surely be ex- . 
pected to grow once the source of supply has been iden
tified. As the market grows, the number and size of 
thefts can be expected to grow with it, and I fear such 
growth would be extremely rapid once it begins .... Such 
theft would quickly lead to serious economic burdens to 
the industry, and a threat to the national security [11]. 

The critical point here is that these tremendous 
risks will become real with the advent of plutonium 
recycle. Unless plutonium is reprocessed and recy
cled, the possibility that it will be stolen is small. If 
the plutonium has not been detoxified by separating 
it from the high-level wastes in the spent fuel at a re
processing plant, it is very effectively protected from 
theft, at least for hundreds of years. Willrich and 
Taylor explain these relationships: 

In the light water reactor (LWR) fuel cycle without 
plutonium recycle, plutonium which is produced in a 
power reactor, if reprocessed, might be stolen at the 

Is the American public willing to accept the risks of plutonium in exchange for the 
promised benefits? 
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output end of a reprocessing plant, during transit from 
the reprocessing plant to any separate storage facility 
used, and from a long-term plutonium storage facility. 
Until irradiated fuel is reprocessed, the theft possibil
ities in the LWR fuel cycle are minimal. (Emphasis 
added.) 

In the LWR fuel cycle with plutonium recycle, in 
addition to possibilities without recycle, plutonium 
might be stolen during transit from any separate long
term storage facility, and from a fuel fabrication plant. 
Complete LWR fuel assemblies, each containing a sig
nificant quantity of plutonium might also be stolen 
during transit from a fuel fabrication plant to a power 
reactor, and at a power plant prior to loading into the 
reactor, although the weight of each assembly makes 
this difficult [ 4, p. 168]. 

In sum, plutonium recycle will bring with it all the 
risks associated with nuclear theft that numerous 
authors have described [12]. Reasonable prudence 
dictates, therefore, that we have adequate answers 
to the problem of nuclear theft well in hand before 
we begin plutonium recycle. 

Safeguards and the AEC 

In the language of the nuclear industry, the vari
ous programs and techniques to prevent nuclear theft 
and recover stolen nuclear material are called 'safe
guards.' There is now widespread agreement--at 
least among those outside the nuclear industry-that 
present safeguards against nuclear theft are woefully 
inadequate [13]. The AEC's Rosenbaum Report 
concluded: 

In recent years the factors which make safeguards a 
real, imminent and vital issue have changed rapidly for 
the worse. Terrorists groups have increased their pro
fessional skills, intelligence networks, finances and level 
of armaments throughout the world .... Not only do 
illicit nuclear weapons present a greater potential pub
lic hazard than the radiological dangers associated with 
power plant accidents, but ... the relevant regulations 
are much less stringent [13]. 

The problem is not simply that the AEC has not im
plemented the necessary safeguards programs; rather 
the agency has not even developed an adequate pro-. 
grain on paper. 

On the subject of safeguards, the AEC's draft im
pact statement on plutonium recycle is a marvel of 
clouded reasoning and breezy optimism. The state
ment concedes that the objective of keeping the risk 
of nuclear theft small "will not be fully met for the 
recycle of plutonium by· current safeguards meas
ures" [2, pp. 5-6]. Steps which might be taken to 
correct current inadequacies are then summarized 
in the statement as follows: 

1. Minimization or elimination of the transportation 
of plutonium from reprocessing plants to mixed oxide 
fuel fabrication facilities which is the operation most 
vulnerable to an attempted act of theft or sabotage. To 
the extent that such shipments are minimized or elim
inated, the safeguarding of plutonium would be en
hanced. This objective can be accomplished by locating 
mixed oxide fuel fabrication plants in close proximity 
to or adjacent to reprocessing plants in Integrated Fuel 
Cycle Facilities .... 

2. Further protection of transportation functions by 
use of massive shipping containers, special escort or 
convoying measures, vehicle hardening against attack, 

improved communications and response capabilities. 
3. Additional hardening of facilities through new bar

rier requirements, new surveillance instrumentation, 
new delaying capabilities (e.g., incapacitating gases). 

4. Upgrading of operating and guard functions 
through the use of personnel security clearance pro
cedures, a federally operated nuclear security system, 
more advanced systems for monitoring and searching 
of personnel, and closer liaison with law enforcement 
authorities. 

5. Improving the timeliness and sensitivity of the sys
tem of internal control and accountability of plutonium. 

6. Use of 'spiked' plutonium which would be less sus
ceptible to theft and would be more difficult to manu
facture into a nuclear explosive because of the required 
elaborate handling procedures [2, pp. 5-7]. 

Despite the facts that: (1) these proposals are pre
liminary and their content not well defined, (2) they 
are still being studied, some apparently for the first 
time, ( 3) some would require Congressional action, 
(4) some would necessitate substantial changes in 
the structure of the U.S. utility industry, and (5) a 
sophisticated safeguards program would pose a major 
threat to civil liberties and personal privacy-despite 
all these facts the draft impact statement neverthe
less recommends that we proceed now with plutoni
um recycle because "the Commission has a high de
gree of confidence that through implementation of 
some combination of the above concepts the safe
guards general objective set forth earlier can be met 
for plutonium recycle" [2, pp. 5-7]. The Commis
sion's faith, unfortunately, is hardly reassuring. 

The AEC's lead safeguards suggestion-the Inte
grated Fuel Cycle Facility concept-merits special 
comment. It actually represents a major watering 
down of a far more significant concept, that of nu
clear power parks where reactors as well as fuel re
processing and fabdcating plants are all located at 
one site [14]. In our judgment, a safeguards system 
which does not require nuclear parks is not address
ing the problem of theft during transportation in a 
serious and responsible way. Moreover, the nuclear 
industry's current plans, already well advanced, do 
not call for the implementation of even the Integrat
ed Fuel Cycle Facilities concept. 

Adequate Safeguards? 

While it may be possible to devise an adequate 
safeguard system in theory, there is little reason to 
believe that such a system would be acceptable in 
practice [15]. This is true for several reasons. 

First, the problem is immense. The illegal diver
sion of weapons material is only one type of anti
social behavior a safeguards program must protect 
against. Terrorist acts against the reactors, ship
ments of radioactive wastes, fuel reprocessing facili
ties and waste repositories can result in catastrophic 
releases of radioactivity. Such threats against nu
clear facilities have already occurred [16]. More
over, a safeguards system would have to exist on a 
vast, worldwide basis. Some 1,000 nuclear reactors 
are projected for the United States in the year 2000, 
with hundreds of shipments of radioactive materials 
daily. Hundreds of tons of plutonium will be in the 
commercial sector of our economy by that date. 



To accommodate plutonium we shall have to move toward a more intimidated society 
with greatly reduced freedoms. 

Abroad, American firms are constructing nuclear re
actors in countries that have little political stability 
and in countries, such as Japan, who have not signed 
the Non-Proliferation Treaty. Safeguarding nuclear 
bomb material would ultimately require a restruc
turing of the socio-political institutions on a world
wide scale. The United Nations unfortunately gives 
us little reason to believe that this is a practical re
ality. 

Second, safeguards measures are strongly opposed 
by the nuclear industry. The degree to which the in
dustry is sensitive to the diversion hazards and is 
likely to be an effective partner in the enforcement 
and implementation of safeguards programs was ap
parent in the vociferous industry opposition to the 
modest strengthening of the AEC safeguards rules 
which were first published in the February 1, 1973, 
Federal Register [17]. 

Third, experience with present safeguards is hard
ly reassuring. Nuclear Materials and Equipment 
Corporation, over several years of operation, was un
able to account for six percent (100 kilograms) of 
the weapons grade material that it handled. As noted 
previously, it was also fined by the AEC, in part, 
because of safeguards violations. At a safeguards 
symposium the director of the AEC's Office of Safe
guards and Materials Management observed that 
"we have a long way to go to get into that happy land 
where one can measure scrap effluents, products, in
puts and discards to a one percent accuracy" [3, p. 
59]. This statement takes on particular significance 
when it is realized that only one-half of one percent 
of the plutonium utilized by the commercial sector in 
the year 2000 is enough to make hundreds of atomic 
bombs. The editors of the Bulletin have noted that 
the frequent 'misroutings' of shipments of weapons 
grade materials highlights a key safeguards problem 
-hijacking [18]. 

A spot-check by General Accounting Office inves
tigators at three AEC-licensed contractors showed 
that in some cases access to easily portable quanti
ties of special nuclear material could be gained in less 
than a minute using the simplest of tools. At two of 
the three plants checked, GAO found weak physical 
barriers, ineffective guard patrols, ineffective alarm 
systems, lack of automatic-detection devices, and the 
absence of an action plan should material be stolen 
or diverted. AEC's inspectors, however, were giving 
the same facilities good marks on virtually every se
curity category [GAO, 13]. 

Fourth, and perhaps most basically, there is little 
reason to believe that safeguards will work when little 
else does. For example, the AEC supports the crea
tion of a federal police force to provide an immediate 
federal presence whenever the use of force may be 

needed to protect these incredibly dangerous mate
rials from falling into the hands of would-be sabo
teurs and blackmailers. But is there anyone who be
lieves that police are effective at a level commen
surate with the potential nuclear hazard? The New 
York City police department was proven incapable 
of maintaining security over confiscated heroin. Are 
similar losses of plutonium acceptable? 

The general point here is that our safeguards sys
tem must be essentially infallible. It must maintain 
what Alvin Weinberg, former director of the Oak 
Ridge National Laboratory, has called "unaccus
tomed vigilance" and "a continuing tradition of 
meticulous attention to detail" [19]. Yet our human 
institutions are far from infallible. Our experience 
indicates that rather than sustaining a high degree 
of esprit, vigilance and meticulous attention to de
tail, our governmental bureaucracies instead become 
careless, rigid, defensive and, less frequently, cor
rupt. A basic question, then, is whether we want to 
entrust so demanding and unrelenting a technology 
as plutonium recycle to institutions which are negli
gent of their own responsibilities and insensitive to 
the rights of others and to technical fixes which are 
untried and unproven. 

Threat to Civil Liberties 

One principal reason for our believing that an ade
quate safeguards system would not be acceptable in 
practice is the tremendous social cost of such a sys
tem in terms of human freedom and privacy. Safe
guards necessarily involve a large expansion of police 
powers. Some one million persons have been trained 
in the handling, moving and operation of nuclear 
weapons. The projected growth of the nuclear indus
try will give rise to a parallel and, ultimately, a much 
larger group of persons, in this case civilians, who will 
be subjected to security clearance and other security 
procedures now commonplace in the military wea
pons program. Indeed, the AEC makes the following 
disturbing statement in its draft environmental im
pact assessment of plutonium recycle: 

Security problems are much simplified when it can be 
established with high probability that the persons who 
are responsible for the handling of plutonium or imple
menting of related safeguards programs are trust
worthy. Various court rulings in recent years have been 
favorable to the protection of individual privacy and of 
individual right-to-work. These rulings have made it 
difficult to make a personnel background check of an 
individual in commercial activities to assure with high 
probability that he is trustworthy and, hence, poten
tially acceptable as a steward for the protection of plu
tonium. The AEC has requested legislation which would 
allow background checks of individuals with access to 
plutonium and related material accountability records 
[2, chap. 5, p. 42]. 
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The keeping of police dossiers will not be limited 
to nuclear industry personnel. The New York Times 
reported August 11 that Texas state police maintain 
files on nuclear power plant opponents. How much 
more government investigation into the private lives 
of individuals can be tolerated by a free society? Se
curity and surveillance procedures at best infringe 
upon the privacy of families and their friends. At 
worst, they are the instruments of repression and 
reprisal. 

A second AEC safeguards proposal is the creation 
of a federal police force for the protection of plutoni
um plants and shipments. The draft impact state
ment for plutonium recycle justifies such a federal 
force in the following terms: 

A federal security system would be less apt to have the 
variations in staff and capability that would be en
countered in use of private security guards. In addition, 
it should be noted that the consequences of a successful 
theft or diversion of plutonium would undoubtedly 
have nationwide impacts and could best be handled by 
F€deral authorities; certainly, with Federal participa
tion, there is the potential for a larger force, more ef
fective weapons, and better communications [2, chap 5, 
p. 42]. 

How large would such a force be? What standards 
should govern and restrain its operations? The Wash
ington Post reported in October 1973 that the AEC 
issued shoot-to-kill orders to personnel directing the 
production, shipment and storage of atomic weapons 
at the height of the Yorn Kippur War. 

Once a significant theft of plutonium or other wea
pons material has occurred, how will it be recovered? 
To prevent traffic in heroin, police have asked for no
knock search laws. This infringes upon one of our 
most cherished freedoms. To live with plutonium we 
may have to abandon this freedom along with others. 
In the presence of nuclear blackmail threats, the in
stitution of martial law seems inevitable. It has been 
said that the widespread availability of weapons ma- · 
terial and terrorists targets in the nuclear fuel cycle 
will radically alter the power balance between large 
and small social units (De Nike [16]). It should be 
added that the threatened society will undoubtedly 
attempt to redress that balance through sophisticat
ed and drastic police action. 

In sum, to accommodate plutonium we shall have 
to move toward a more intimidated society with 
greatly reduced freedoms. In this respect the follow
ing passage from the report of the distinguished in
ternational group of scientists attending the 23rd 
Pugwash Con£ erence on Science and World Affairs 
is instructive: 

The problem of theft of nuclear material by internal 
groups of individuals intent on sabotage, terrorism or 
blackmail was agreed to be a very serious one, although 
there was some sentiment expressed that the possibility 
of such activity was much smaller in socialist states. 

We believe that sentiment to be true. It is also ap
parent that that is the direction in which we must 
move to accommodate the nuclear industry. After 
having spent billions of dollars for our nuclear de
terrent, our civilian nuclear industry might well ac-

complish that which our defense system is trying to 
prevent. 

Alvin Weinberg is one of the few persons closely 
associated with the nuclear power complex who has 
looked carefully at the political and regulatory insti
tutions that will be necessary to support a plutonium
based nuclear power economy, and his views on this 
subject merit close attention [19]. Weinberg's basic 
premise is that nuclear power will place unprecedent
ed strains on our society. In an unpublished paper 
circulated prior to a conference in June 1973 at the 
Woodrow Wilson International Center for Scholars 
in Washington, D.C., Weinberg set out his views on 
the type of new institutions required to cope with 
the plutonium economy: 

One suggestion (proposed by Sidney Siegel) that is 
relevant to the situation in the United States would be 
to establish a national corporation patterned after 
COMSAT to take charge of the generation of nuclear 
electricity. Such an organization would have technical 
resources that must exceed those available to even a 
large utility: and a high order of technical expertise in 
operating reactors and their sub-systems is essential to 
ensuring the continued integrity of these devices. [Here 
Dr. Weinberg suggests nationalization of the industry.] 

Each country now has its own AEC that sets stand
ards or, in some cases, actually monitors or operates re
actors. Perhaps this will be sufficient forever. Yet no 
government has lasted continuously for 1,000 years: 
only the Catholic Church has survived more or less con
tinuously for 2,000 years or so. Our commitment to nu
clear energy is assumed to last in perpetuity--can we 
think of a national entity that possesses the resiliency 
to remain alive for even a single half-life of plutonium-
239? A permanent cadre of experts that .will retain its 
continuity over immensely long times hardly seems 
feasible if the cadre is a national body. 

It may be that an International Authority, operating 
as an agent of the United Nations, could become the 
focus for this cadre of expertise. The experts themselves 
would remain under national auspices, but they would 
be part of a worldwide community of experts who are 
held together, are monitored, and are given long-term 
stability by the International Authority. The Catholic 
Church is the best example of what I have in mind: 
a central authority that proclaims and to a degree en
forces doctrine, maintains its own long-term social sta
bility, and has connections to every country's own Cath
olic Church. (Emphasis added.) 

These are far-reaching concepts presented by 
Weinberg. The basic question they pose is: Will the 
plutonium economy raise socio-political problems of 
such magnitude that their resolution will be unac
ceptable to society? In attempting to do the impos
sible-live with plutonium-we may create the in
tolerable. 

Super-Human Requirements 

The commercialization of plutonium will bring 
with it a major escalation of the risks and problems 
already associated with nuclear power. Plutonium 
will further strain the already weakened regulatory 
fabric of the nuclear industry. 

Hannes Alfven, Nobel laureate in physics, has de
scribed the regulatory imperatives applicable to the 
nuclear industry: 

Fission energy is safe only if a number of criti~al de
vices work as they should, if a number of people m key 



positions follow all their instructions, if there is no 
sabot.age, no hijacking of the transports, if no reactor 
fuel processing plant or reprocessing plant or reposi
tory anywhere in the world is situated in a region of 
riots or guerrilla activity, and no revolution or war
even a "conventional one"-t.akes place in these re
gions. The enormous quantities of extremely dangerous 
material must not get into the hands of ignorant people 
or desperados. No acts of God can be permitted [20]. 

Weinberg similarly stresses the need" ... of creat-
ing a continuing tradition of meticulous attention to 
detail" and suggests that "what is required is a cadre 
that, from now on, can be counted upon to under
stand nuclear technology, to control it, to prevent 
accidents, to prevent diversion" [19]. 

The public and its decisionmakers must seriously 
question whether it will be possible to attract, train 
and motivate the personnel required for these func
tions. These must be highly qualified persons who 
will maintain a tradition of "meticulous attention to 
detail" even when the glamorous aspects of a new 
technology become the commonplace operations of 
an established industry. We suggest that it is beyond 
human capabilities to develop a cadre of sufficient 
size and expertise that can be counted upon to under
stand nuclear technology, to control it, and to pre
vent accidents and diversion over many generations. 

There is considerable evidence at the present time 
to suggest that the- fledgling nuclear industry is al
ready unmanageable. Consider, for example, that a 
previously secret AEC study released by Ralph 
Nader concluded that: 

The large number of reactor incidents [850 abnormal 
occurrences] , coupled with the fact that many of them 
had real safety significance, were generic in nature, 
and were not identified during the normal design, fab
rication, erection, and preoperational testing phases, 
raises a serious question regarding the current review 
and inspection practices both on the part of the nuclear 
industry and the AEC [21]. 

In addition, consider the tritium that recently ap
peared in the drinking water of Broomfield, Colorado. 
Consider the 115,000 gallons of high-level radioac
tive wastes that leaked from the tank at Hanford, 
Washington, over a period of 51 days while no one 
monitored the tank. Consider that the radioactive 
releases from the famed Shippingport reactor in 
Pennsylvania were higher than recorded. Consider 
that the executives of Consumers Power Corporation 
in Michigan failed to notify the AEC that their 
radioactive gas holdup system was not functioning. 
Consider that two reactors in Virginia were half com
pleted before the AEC was informed that they were 

· being constructed over an earthquake fault. Con
sider that the GAO found security at plutonium 
storage areas totally inadequate after the AEC in
spectors had certified the facilities. 

Considering all this, there is good reason to sug
gest, because of the meticulous attention to detail 
that will be required at every stage of plutonium re
cycle, that a decision to proceed with plutonium 
recycle will precipitate an already unmanageable sit
uation into a national crisis. 

Given that the risks of plutonium recycle are un
acceptably high, particularly in light of the present 

Plutonium in cake form. This batch was produced 
at the AEC's Savannah River Plant near Aiken, 
s.c. 

uncertainties, a key question is what are our options? 
What are the alternatives to the AEC's proposal to 
proceed now with plutonium recycle? We believe that 
there are essentially three options, each of which is 
preferable to the AEC's announced plan. 

Alternatives to Plutonium Recycle 

• We could phase out nuclear power reactors. 
There is mounting apprehension among knowledge
able persons concerning the human and societal haz
ards of fission reactors which would only be com
pounded by plutonium recycle. The 23rd Pugwash 
Conference on Science and World Affairs in Septem
ber, 1963, concluded: 

1. Owing to potentially grave and as yet unresolved 
problems related to waste management, diversion of 
fissionable material, and major radioactivity releases 
arising from accidents, natural disasters, sabotage, or 
acts of war, the wisdom of a commitment to nuclear 
fission as a principal energy source for mankind must 
be seriously questioned at the present time. 

2. Accordingly, research and development on alter
native energy sources-particularly solar, geothermal 
and fusion energy, and cleaner technologies for fossil 
fuels-should be greatly accelerated. 

3. Broadly based studies aimed at the assessment of 
the relation between genuine and sustainable energy 
needs, as opposed to projected demands, are required. 

This third recommendation implies the implementa
tion of energy conservation measures. It is important 
to recognize that energy conservation can be our ma
jor energy source between now and the year 2000. 
Conservation means using our present energy more 
efficiently; it need not mean a change in life styles. 
Coupled with the use of solar and geothermal energy, 
energy conservation could eliminate the need for new 
nuclear power stations. 

• We could continue with the present generation 
of light water reactors but strictly prohibit plutonium 
recycle for the foreseeable future. Such a decision 
would be premised upon a judgment that plutonium 
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is too dangerous because of its toxicity and explosive 
potential to be allowed to become an article of com
merce. Of course, we would still have plutonium to 
cope with because it is produced in present-day reac
tors. But without plutonium recycle there should be 
little incentive to reprocess the plutonium out of the 
spent fuel, so the plutonium could remain in the 
spent fuel where it is effectively protected from theft 
and, hopefully, confined and contained. 

The benefits of plutonium recycle are small. Pluto
nium recycle would reduce the annual uranium re
quirements by about 10 to 15 percent and reduce the 
light water reactor fuel cycle cost by about the same 
amount. But the nuclear fuel cycle cost represents 
less than 20 percent of the total cost of power from 
nuclear plants, and nuclear plants by 1985 will rep
resent less than 40 percent of the electric, or about 
15 percent of the total, domestic energy supplied. In 
other words, plutonium recycle involves an economic 
savings of less than one-half of one percent. 

Plutonium differs from the high-level wastes in the 
spent fuel in one critical respect: whereas the radio
activity of high-level wastes will continue for thou
sands of years, that of plutonium will continue for 
hundreds of thousands. Thus, while the problem of 
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PREPARED STATEMENT OF DR, THEODORE B, TAYLOR 

::\Ir, Chairman and Members of the Joint Committee: I appreciate the oppor
tunity to testify at these hearings on nuclear reactor safety. The subject I shall 
focus on concerns what I believe is one of the most urgent and critical tasks 
now facing the United States and the rest of the world. This task is to estab
lish control systems that will reduce to an acceptable level the threat of de
structive use of nuclear materials diverted or stolen outright from components 
of nuclear power systems. ,vithout much more stringent worldwide controls 
of nuclear materials than now exist or are definitely planned, I find it credible 
that nuclear violence may, within the next decade or two, reach levels that 
most of us would consider intolerable. 

These concerns have been explored in considerable detail in a series of ar
ticles by John ::l!cPhee in the New Yorker last December. These will be pub
lished in book form under the title The Curve of Binding Energy this spring. 
l\Iason ,vmrich, professor of la,v at the University of Virginia, and I have 
also made a study of this subject for the Energy Policy Project under the 
auspices of the Ford Foundation. It will be published in book form early this 
year, under the title Nuclear Theft: Risks and Safeguards. ,ve have come to 
the following six conclusions: 

I<'irst, nuclear weapons are relatively easy to make, assuming the requisite 
nuclear materials are available. All of the information, non-nuclear materials, 
and equipment that would be required to design a build a variety of types of 
fission explosives are readily available throughout the world. The technical 
skills and resources required would depend on the desired efficiency, predict
ability, total weight, and yield of the explosives. Under conceivable circum
stances, for example, a few persons, perhaps even one person working alone, 
who possessed about 10 kilograms of plutonium or uranium-233 oxide or two 
dozen kilograms of highly enriched uranium oxide and a substantial amount 
of high explosive could, within several weeks, safely design and build a crude, 
transportable fission bomb. By a "crude, transportable fission bomb'' I mean 
one that would be very likely to explode with a yield equivalent to at least 
100 tons of high explosive, and that could be carried in an automobile. This 
could be done using materials and equipment that could be purchased at a 
hardware store and from commercial suppliers of scientific equipment and 
materials for student laboratories. All types of plutonium, highly enriched 
uranium, or uranium-233 now used or contemplated for use by the nuclear 
industry could be used for this purpose, as long as they are not diluted with 
large amounts of non-fissionable materials or mixed with dangerous quantities 
of gamma-ray emitting radioisotopes, such as fission products. The explosion 
of such a device could, under many circumstances, kill at least tens of thou
sands of people. 

Smaller quantities of plutonium or uranium-233 than are required for fission 
explosives could also be incorporated into dispersal devices that could contam
inate very large volumes of air with lethal concentrations of suspended, small 
particles of these substances that are exceedingly toxic if they are brPathed. 
Air dispersal of a few grams of the type of plutonium now being produced in 
power reactors could kill most of the occupants of a large office building or 
enclosed industrial facility. 

Second, the use of nuclear energy to generate electric power at rates now 
projected by the .AEC would result in very large domestic and foreign flows 
of materials that can be used to make nuclear weapons. The annual rate of 
extraction of plutonium from reprocessed nuclear fuels from light water reac
tors in the United States would be about 30,000 kilograms in 1980. By the year 



2000, light water reactors and fast breeder reactors in the U.S. would produce 
more than 300,000 kilograms annually. ·worldwide, annual plutonium produc
tion would be more than 60,000 kilograms in lUSO, rising to roughly a million 
kilograms in the year 2000. In addition, worldwide flows of highly enriched 
uranium and uranium-233 associated with high temperature gas cooled reac
tors or other types of reactors that use the U"'l3-thorium cycle may reach sev
eral hundred thousand kilograms or more by the end of the century. 

Third, there are important differences between different reactor systems, and 
between different parts of the fuel cycle supporting a particular type of reactor, 
in the extent to which the nuclear fuel materials they contain are inherently 
vulnerable to theft or would require chemical or physical conversion to be suit
able for direct use in a nuclear explosure. In general, irradiated fuels elements 
are largely self protecting before they are reprocessed, since gamma-rays from 
the fission products they contain would deliver lethal doses of radiation in 
minutes or less to anyone trying to handle them without massive shielding. 
This type of self protecting feature disappears when plutonium or uranium-
233 have been separated from fission vroducts at a reprocessing plant. Highly 
enriched uranium hexafluoride or oxide, used as feed material for making fuel 
for high temperature gas cooled reactors and most types of research reactors, 
are also safe to handle without shielding. Once these materials enter the 
process streams at fuel fabrication plants, they are generally diluted, to vary
ing degrees, as they are incorporated into fresh fuel. As this havpens, the total 
weight of objects that would have to be stolen to acquire sufficient fissionable 
material, when separated from the dilutants, to make a fission explosive gen
erally increases, but by different amounts for different types of reactor fuel. 
For example, the total weights of several types of fuel assembly materials 
that would have to be picked up to provide thieves with enough contained fis
sionable material for a crude fission bomb are roughly as follows: high temp
erature gas cooled reactor (HTGR) fuel, 10,000 lb.; light water reactor fuel, 
2000 lb. ; fast breeder reactors ( LMFBR or GCFR), G0-7i:i lb. I offer these ex
amples to illustrate that, in designing and assessing nuclear material security 
measures at different points in fuel cycles, more should be considerecl than 
simply the types of fissionable materials involved. 

Important changes affecting opportunities for nuclear theft can occur as the 
nuclear industry .develops. It happens, for example, that flows of fission prod
uct-free plutonium and highly enriched uranium for civilian power plant;; are 
now practically at a standstill, and are not expected to reach large inter-facil
ity flow rates for at least several years. Since rnid-1972, when the Nuclear 
Fuel Sen-ic·es fuel reprocessing plant shut clown for expansion and renovation, 
no plntoninm has been extracted at commercial reprocessing plants in the 
United States. '.rhe General Blectric reprocessing plant at :\!orris, Illinois has 
not yet reprocessed any irradiated fuel, but is expected to start doing so within 
the next few months. The amount of previously separated commercial plu
tonium is nmv at the New York State Atomic and Space Development Author
ity"s (ASDA) plutonium storage facility is, I under;.;tarnl, less than ten per
cent of irs storage capacity of 2,000 kilograms of plutonium. This situation 
will ehange rapidly, however, if the G.H rilant soon starts reprocessing the 
large and growing backlo;:; of irradiated fuel from light water reactors. Until 
rilntonimn recycle ;;tarts on a more or less routine basis, whid1 may not hap
pen until about 1980, most se1mrate,l plutonium is likely to go into long term 
storage or be used primarily for R&D programs. After plutonium recycle starts, 
howeYer, tpns of thousands of kilograms of J)lutonium per year can be ex
pected to flow from storage to fuel fabrication plants and on to sometl1ing 
like a lrnmlred power plants. I also understarnl that all of the highly enrieheel 
uranium ree]l1lred to refuel the Fort St. Yrain II'l'GR reactor for the next few 
~·ear:s i,; alrr:Hly mixed with thorium at the, Genna! Atomic Com1'any's H'l'GR 
fuel fabrication facility. Startup fuel for the new I-ITGR's now on order will 
not be fahrieated until the late Hl70's. In short, there appears to he a relative 
hiatns in tllp flow of concentrated commercial plutonium awl highly enriched 
uranium in the Fnited States that will 11robably last for scYeral years, to be! 
follmYe<l I>~· n rather srnl<len increase in the flows. 'l'his ,;ituation, ronghl~· 
s11eaking. :ip11cars to hold for nuclear fuel cycles in other countries. I shonlrl 
point ont, hmYe\'er, that flows of fission product-free plutonium for R&D pur
pose;; are, aml \Yill continue to he signilkant. In fiscal year 1ffi3, for example, 
there ,Yere ahont forty shil)ments of more than two kilograms of plutonium 
hv licensc'es in tile United States. The total amount ship[Jetl was more than 
600 kilogram~. 
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Our fourth conclusion is that, without effective safeguards to prevent nu
clear theft, the development of nuclear power on the scale now in prospect will 
create substantial risks to the American people and people generally. Individ
uals or groups may attempt to steal nuclear weapon materials for money or 
to engage in political blackmail. It would be relatively easy for a small group 
possessing nuclear weapon materials to use them in any number of ways to 
threaten other groups within society, governments, or entire communities. The 
frequency and character of nuclear theft attempts in the future is likely to 
be influenced greatly not only by the nature of physical safeguards against 
theft, but also by the general political climate and by prevailing attitudes to
ward violent behavior within societies where opportunities exist for such theft. 

Fifth, the U.S. system of nuclear material safeguards is incomplete at this 
time. Although recent regulatory actions have strengthened requirements sub· 
stantially, some basic issues pertaining to physical protection and materials 
accountability measures have not been resolved. The preamble to the new reg
ulations concerning nuclear material in transit, for example, states that the 
measures are intended to protect the materials from any attempted theft "short 
of a significant armed attack." Are transportation safeguards expected to deal 
only with insignificant armed attacks, or significant unarmed attacks? Does 
this same guiding princivle apply, by implication, to fixed sites? If so, then, I 
submit, licensees are not being asked to protect these materials even as well as 
financial institutions protect their money. If the AEC's real intention is to 
have licensees go significantly further than this in protecting their materials, 
then its objectiYes must be clearly spelled out. Otherwise, the adversary nature 
of negotiations between the AEC regulatory staff and licnsees is likely to con
tinue to drag out the negotiations and cause further delays in the licensing 
procedure. I am not optimistic about representatives of the nuclear industry 
offering to go substantially beyond satisfying the letter of the AEC regulations 
and guides in cases where the direct or indirect costs of doing so are likely 
to be substantial. 

This leads me to another important unresolved issue concerning safeguards. 
·who shoulcl pay the added costs of new safeguards measures, and by what 
mech:mi,c;m? Present contributions to the overall cost of nuclear electric power 
are much higher at some points in the fuel cycle than at others. The costs of 
transportation of concentrated plutonium or highly enriched uranium, for ex
ample, are much lower than the costs of capital depreciation and operations 
at nuclear power plants. But the costs of effective safeguards to prevent theft 
of materials in transit may be much higher than their costs at nuclear power 
plants. Thus a plutonium shipper may see his costs rising sharply, perhaps 
even by more than 100%, as a result of new safeguard regulations, while a 
utility company may see a practically insignificant rise in cost per kilowatt 
hour of delivered electricity as a result of the same action. If the plutonium 
shipper absorbs the costs of a really good physical protection system, he may 
have to price himself above his competitors and go out of business. So we have 
this question: How can the adcled costs of highly effective safeguards be 
equitably distributed across the entire fuel cycle, so that they are finally borne 
by the eonsumers of nuclear electric power? I shall return to this briefly later 
in rn:, ;<tatement. 

Finall.1'. we have concluded tlrnt a system of safeguards can be developed 
that will keep the risks of theft of nuclear weapon materials from the nuclear 
power inclustry at very low levels, without interfering significantly with the 
continued rapid development of nuclear po\ver. "\Ye have suggested a guiding 
principle. called the "Princi11le of Containment" for nse in designing such a 
system. Accoriling to this principle, the overall objective of a safeguards sys
tem wnulcl be to detect attempts at theft of nuC'lear materials from authorized 
clumnels as early as possible, and to place sufficient impediments in the way 
of people attem11ting a theft to assure that whatever reserve forces arc re
quirer! can be brought to the scene in time to control any credible theft opera
tion. :\It:'asnrcs that could be used for applying this principle fall into five broad 
c~1tt.)o-orlP~ · 
'1. C'ontn°inment of mwlear materials at fixed sites within physicinl harriers 

desig1wd to prevent unauthorized penetration long enough to allow on-site or 
rest>n-e guard forces capable of dealing with any credible type of attempted 
theft to arrive at the scene before the theft is completed. 

2. Shipment of nuclear materials in massive containers and vehicles de
signed to resist penetration, transfer of the shipment to another vehicle, or 



commandeering of the vehicle itself long enough for accompanying or reserve 
guard forces to be able to deal effectively with any credible theft attempt. 

3. Provision of automatic alarms that will immediately detect attempts to 
remove materials from unauthorized channels and sound alarms at several 
specified control points. 

4. Provision of on-site and in-transit guard forces for the purpose of deny
ing access of unauthorized people to places where nuclear materials exist. 

5. Provision of on-call law enforcement forces that can be brought to the 
scene of an attempted theft before a theft can be completed, along with secure 
communications between the control points where the alarms are sounded and 
the off-site forces. 

In addition, materials accounting procedures should be used as a backup 
to the above types of physical security measures, to help assure detection of 
any covert diversion of materials not detected by the alarm systems. 

The present AEC approach to safeguards is, in fact, along these general lines 
but simply does not go anywhere near far enough to prevent thefts by groups 
of people with at least the skills and resources that have bepn used for major 
thefts of other valuables in the past. I am convinced that a safeguards sys
tem that would accomplish this objective could be designed and implemented 
in the United States before the relative hiatus in the flow of commercial fis
sionable materials comes to an end in the late 1970's or early 1980's. But this 
will not happen, in my view, unless both the AEC ancl the nuclear industry 
considerably increase the intensity of present efforts to bring this problem un
der control. 

The nuclear industry has many options for dPsigning highly effective nuclear 
safeguards into its systems, and both the AEC and the industry should de-
vise and implement practicable ways to respond to these opportunities. -

I would like to mention a few possible examples. These, along with other 
alternatives, shoulcl obviously be thoroughly assessed before they are imple
mented. 

Some particularly vulnerable transportation links could be removed if nu
clear fuel cycle facilities were located at the same sites. Shipments of concen
trated plutonium oxide or plutonium nitrate could be avoided if fuel rPprocess
ing facilities and fuel fabrication plants that use their output were next to 
each other. Facilities for intermediate conversion of plutonium or highly en
riched uranium, which are often now located by themselvps, could be integral 
parts of fuel reprocessing or fabrication facilities. As an extreme, hut possibly 
generally attractive option, all fuel cycle components that handle fissionable 
materials, including very high capacity power reactors, could he locatecl at the 
saem site. This would not only remove the need for transportation of fission
a hle materials over large distances, but would also redu<'e, through economies 
of scale, the overall costs of safeguards for a complete fuel cycle. 

As another example, it now appears likely that rather massive gamma-ray 
and, in some cases, neutron shielding will be required to insure insignificant 
radiation exposure to workers at all points in the fuel cycle for systems that 
nse recycled plutonium or uranium-233. This would mPan that, for reasons not 
connected with safeguards, heavy containers and barriPrs will have to be uspd 
in the storage, transport, and fabrication of nuclear fuels from the time thpy 
are separated at a reprocessing plant to the time they are placed in reactors 
for refuelling. These barriers and containers will make theft much more 
difficult. 

Finally, I want to mention a possibility for providing expert protectivP 
f<Pcurity services to the nuclear industry in a way that would assurP the 
grPatest practicable security along with an equitable way to pay the added costs. 
If this service-including the required prof Pssional personnel, equipmpnt, com
munications systems, and so on-were provided, where and as needed, by the 
fnlPral government, the industry would not have to deal with the problems of 
nrming its own employees or depending on private protPctive services whof<e 
diectiveness may vary conRiderably from place to placP. If, further, the costs 
of snrh a sprvice were paid for out of a federal fund rrtised by taxes on the 
utilities that were proportional to their annual production of nuclear powPr. 
nml these taxes were included in the utilitiPs' pricing structure. th!' coRts of 
thr rPquired protPctive SPrvires would be equitably passed on to the consumers 
of nuclear electric power. I should emphasizP that this is only one of a 
numher of possibilities that I heliPve should be thoroughly assessed. 
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This leads me to the primary recommendation I would like to place before 
this Committee. The .ABC should take the leadership in assembling a task 
force of experts that represent the interests and expertise of government, the 
nuclear industry, universities, and the genral public to work full time on the 
conception and assessment of alternative ways to establish and maintain an 
effective nuclear material safeguard system in the United States. By a system 
I mean to include everything from its legislative framework, technical stand
ards, and technological and procedural components through the detailed mech
anism by which it is implemented and, as necessary, revised. System concepts 
covering a range of likely effectiveness and costs should be assessed. The results 
of this task should be made publicly available and, together with comments 
following public review, should be used as a basis for the AEC to formulate and 
implement modifications of the nuclear safeguards regulations and regulatory 
guides that exist at that time. I also suggest that the initial task force !Je 
scheduled to complete its work in about one year. 

I frequently hear objections to the general kinds of safeguards measures I 
am proposing. on the grounds that they will cost too much. I generally respond 
with three points. First, I know of no detailed studies of alternative national 
safeguards systems that are attempts to determine what level of effectiveness 
can !Je achieved at different costs. That is one of the reasons for the recom
mendations I have just made. Second, an incrpase of only one percent in the 
projected cost of nuclear electric power in the United States in 1980. if attrib
uted to added costs of safeguards, would amount to approximately $100 million 
11er )·ear, which very preliminary studies have suggested to me would he 
sufficient to cover the costs of the kinds of safeguards I proposed. Third, the 
coRt to society of an inadequately safeguarded national nuclear power system 
is likely to be far greater than the dollar costs of any conceivable safeguard 
system. 

Implementation of a highly effective safeguards system in the United States 
is a n1?cessary, but not sufficient response to the worldwide threat of nuclear 
violence following nuclear theft. At least thirty nations now have or are 
planning to build nuclear power reactors. Achieving a worldwide leYel of 
control of nuclear materials that will keep these risks at acceptable levl'ls is 
among the greatest challenges humanity has ever faced. Dut respond aggre:-
eiYely to this challenge we must, or face the prospects of liYing in a worl!l in 
which nuclear Yiolence may become commonplace. "re haYe little time, and much 
to do. The first task for thos,:, of us that live in this country is to get our own 
house in order. As we do this, ,ve must use all the creatiYe energil's we ean 
muster to work with people in other countries to bring this problem under global 
C'Ontrol. The fundamental reason why I now believe this goal can be achieved 
is that it is so evidently in the best self interests of every nation in the world. 

Chnirman Pmo:. Tlrnnk :rnn Yer~· much. Dr. Taylor. 
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Social Institutions and Nuclear Energy 

Fifty-two years have passed since 
Ernest Rutherford observed the nuclear 
disintegration of nitrogen when it was 
bombarded with alpha particles. This 
was the beginning of modern nuclear 
physics. In its wake came speculation 
as to the possibility of releasing nuclear 
energy on a large scale: By 1921 Ruth
erford was saying "The race may date 
its development from the day of the 
discovery of a method of utilizing atom
ic energy" (J ) . 
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Alvin M. Weinberg 

Despite the advances in nuclear phys
ics beginning with the discovery of the 
neutron by Chadwick in 1932 and 
Cockcroft and Walton's method for 
electrically accelerating charged par
ticles, Rutherford later became a pessi
mist about nuclear energy. Addressing 
the British Association for the Advance
ment of Science in 1933, he said: "We 
cannot control atomic energy to an ex
tent which would be of any value com
mercially, and I believe we are not 

likely ever to be able to do so" (2). 
Yet Rutherford did recognize the great 
significance of the neutron in this con
nection. In 1936, after Fermi's remark
able experiments with slow neutrons, 
Rutherford wrote " ... the recent dis
covery of the neutron and the proof 
of its extraordinary effectiveness in pro
ducing transmutations at very low ve
locities opens up new possibilities, if 
only a method could be found of pro
ducing slow neutrons in quantity with 
little expenditure of energy" (3). 

Today the United States is commit
ted to over 100 X 106 kilowatts of 
nuclear power, and the rest of the world 
to an equal amount. Rather plausible 
estimates suggest that by 2000 the 

The author is director of the Oak Ridge Na
tional Laboratory, Oak Ridge, Tennessee 37830. 
This article is the text of the Rutherford Centen
nial lecture, presented at the annual meeting of 
the American Association for the Advance
ment of Science, Philadelphia, 27 December 1971. 
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fable 1. Estimated total cost of power from 1000-Mwe power plants (mills per electric kilowatt 
hour). The costs include escalation to 1978. Nuclear fuel costs were taken from (9). The coal 
plant fuel costs are based on average delivered coal price of about $8 per ton in 1971, with 
escalation to 1978 at 5 percent per year. This leads to about $10.5 to $10.7 per ton 
in 1978. Estimates for costs of operating SO,-removal equipment range from zero to about 
2 X 10• dollars per year. 

PWR plants 

With Run-of- cooling river_ towers 

Capital cost ($/kwe) 365 382 
Fixed charges 7.8 8.2 
Fuel cost 1.9 1.9 
Operation and 

maintenance cost 0.6 0.6 
Total power cost 

(rnills/kwhe) 10.3 10.7 

United States may be generating elec
tricity at a rate of 1000 X 106 kilo
watts with nuclear reactors. Much more 
speculative estimates visualize an ulti
mate world of 15 billion people, living 
at something like the current U.S. stan
dard: nuclear fission might then gener
ate power at the rate of some 300 X 109 _ 

kilowatts of heat, which represents 
1 I 400 of the flux of solar energy ab
sorbed and reradiated by the earth ( 4). 

This large commitment to nuclear 
energy has. forced many of us in the 
nuclear community to ask with the 
utmost . seriousness questions which, 
when first. raised, had a tone of un
reality. When nuclear energy was small 
and experimental and unimportant, the 
intricate moral and institutional · de
mands of a full commitment. to it could 
be ignored or not taken seriously. Now 
that .nuclear energy is on the verge of 
becoming our dominant form of en
ergy, such questio~s as the adequacy of 
human institutions to deal with this 
marvelous new kind of fire must be 
asked, and answered, soberly and re
sponsibly. Ilf these remarks I review 
in broadest outline where the nuclear 
energy enterprise stands and what I 
think are its most troublesome prob
lems; and I shall then speculate on some 
of the new and peculiar demands man
kind's commitment to nuclear energy 
may impose on our human institutions. 

Nuclear Burners-Catalytic 

and N oncatalytic 

Even before Fermi's experiment at 
Stagg Field on 2 December 1942, re
actor designing had captured the imag
ination of many physicists, chemists, 
and engineers at the Chicago Metallur
gical Laboratory. Almost without excep-

Coal plants 

No SO, system With SO, system 

Run-of- Cooling Run-of- Cooling 
river towers river towers 

297 311 344 358 
6.4 6.6 7.4 7.7 
3.9 3.9 3.9 3.9 

0.5 0.5 0.8 0.8 

10.8 11.0 12.1 12.4 

tion, each of the two dozen main re
actor types developed during the fol
lowing 30 years had been discussed and 
argued over during those frenzied war 
years. Of these various reactor types, 
about five, moderated by light water, 
heavy water, or graphite, have survived. 
In addition, breeders, most notably the 
sodium-cooled plutonium breeder, are 
now under active development. 

Today the dominant reactor type uses 
enriched uranium oxide fuel, and is 
moderated and cooled by water at pres
sures of 100 to 200 atmospheres. The 
water may generate steam directly in 
the reactor [so-called boiling water re
actor (BWR)] or may transfer its heat 
to an external steam generator [pres
surized water reactor (PWR)]. These 
light water reactors (LWR) require en
riched uranium and therefore at first 
could be built only in countries such as 
the United States and the U.S.S.R., 
which had large plants for separating 
uranium isotopes. 

In countries where enriched uranium 
was unavailable, or was much more ex
pensive than in the United States, re
actor development went along direc
tions that utilized natural uranium: 
for example, reactors developed in the 
United Kingdom and France were based 
mostly on the use of graphite as mod
erator; those developed in Canada used 
D 20 as moderator. Both D~O and 
graphite absorb fewer neutrons than 
does H 20, and therefore such reactors 
can be fueled with natural uranium. 
However, as enriched uranium has be
come more generally available ( of the 
uranium above ground, probably more 
by now has had its normal isotopic 
ratio altered than not), the importance 
of the natural 235U isotopic abundance 
of 0. 71 percent has faded. All reactor 
systems now tend to use at least slightly 

'"' enriched uranium since its use gives the 
designer more leeway with respect to 
materials of construction and configura
tion of the reactor. 

The PWR was developed originally 
for submarine propulsion where com
pactness and simplicity were the over
riding considerations. As one who was 
closely involved in the very early think
ing about the use of pressurized water 
for submarine propulsion (I still re
member the spirited discussions we used 
to have in 1946 with Captain Rickover 
at Oak Ridge over the advantages of the 
pressuri;ed water system), I am still a 
bit surprised at the enormous vogue of 
this reactor type for civilian power. 
Compact, and in a sense simple, these 
reactors were; but in the early days we 
hardly imagined that separated 2~:;u 
would ever be cheap enough to make 
such reactors really economical as 
sources of central station power. 

Four developments proved us to be 
wrong.' First, separated 235U which at 
the time of Nautilus cost around $100 
per gram fell to $12 per gram. Second, 
the price of coal rose from around $5 
per ton to $8 per ton. Third, oxide fuel 
elements, which use slightly enriched 
fuel rather than the highly enriched 
fuel of the original L WR, were devel
oped. This meant that the cost of fuel 
in an_ LWR could be, say, 1.9 mills per 
kilowatt hour ( compared with around 
3 mills per electric kilowa'tt hour for 
a coal-burning plant with coal at $8 
per ton). Fourth, pressure vessels of a 
size that would have boggled our minds 
in 1946 were common by 1970: the 
pressure vessel for a large PWR may 

-be as much as 8½ inches thick and 
44 feet tall. Development of these large 
pressure vessels made possible reactors 
of 1000 megawatts electric (Mwe) or 
more, compared with 60 Mwe at the 
original Shippingport reactor. Since per 
unit of output a large power plant is 
cheaper than a small one, this increase 
in reactor size was largely responsible 
for the economic breakthrough of nu
clear power. 

Although the unit cost of water re
actors has not fallen as much as opti
mists such as I had estimated, present 
costs are still low enough to make nu
clear power competitive. I compare the 
relative position of a 1000-Mwe LWR 
and of a coal-fired plant of the same 
size (Table 1 ) . 

Water-moderated reactors burn 235U, 
which is the only naturally occurring 
fissile isotope. But the full promise of 
nuclear fission will be achieved only 
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with successful breeders. These are re
actors that, essentially, burn the very 
abundant isotopes 238U or 232Th; in 
the process, fissile 239Pu or 233U acts as 
regenerating catalyst-that is, these iso
topes are burned and regenerated. I 
therefore like to call reactors of this 
type catalytic nuclear burners. Since 
2asu and 232Th are immensely. abun
dant (though in dilute form) in the 
granitic rocks, the basic fuel for such 
catalytic nuclear burners is, for all prac
ticaltical purposes, inexhaustible. Man
kind will have a permanent source of 
energy once such catalytic nuclear burn
ers are developed. 

Most of the world's development of 
a breeder is centered around the so
dium-cooled, 238U burner in which 
239Pu is the catalyst and in which the 
energy of the neutrons is above 100 
X 103 electron volts. No fewer than 12 
reactors of this liquid metal fast breed
er reactor (LMFBR) type are being 
worked on actively, and the United 
Kingdom plans to start _ a commercial 
1000-Mwe fast breeder by 1975. Some 
work continues on alternatives. In the 
23 3U-232Th cycle, on the light water 
breeder and the molten salt reactor; in 
the 239Pu-238U cycle, on the gas-cooled 
fast breeder. But these systems are, at 
least at the present, viewed as backups 
for the main line which is the LMFBR. 

Nuclear Power and Environment 

The great surge to nuclear power is 
easy to understand. In the short run, 
nuclear power is cheaper than coal 
power in most parts of the United 
States; in the Jong run, nuclear breed
ers assure us of an all but inexhaustible 
source of energy. Moreover, a properly 
operating nuclear power plant and its 
subsystems ( including transport, waste 
disposal, chemical plants, and even 
mining) are, except for the heat load, 
far less damaging to the environment 
than a coal-fired plant would be. 

The most important emissions from a 
routinely operating reactor are heat and 
a trace of radioactivity. Heat emissions 
can be summarized quickly. The ther
mal efficiency of a PWR is 32 percent; 
that of a modern coal-fired power plant 
is around 40 percent. For the same 
electrical output the nuclear plant emits 
about 40 percent more waste heat than 
the coal plant does; in this one respec,t, 
present-day nuclear plants are. more 
polluting than coal-fired plants. How
ever, the higher temperature nuclear 
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plants, such as the gas-cooled, the 
molten salt breeder, and the liquid met
al fast breeder, operate at about the 
same efficiency as does a modern coal
fired plant. Thus, nuclear reactors of the 
future ought to emit no more heat than 
do other sources of thermal energy. 

As for routine emission of radioac
tivity, even when the allowable maxi
mum exposure to . an individual at the 
plant boundary was set at 500 milli
rems (mrem) per year, the hazard, if 
any, was extremely small. But for prac
tical purposes, technological advances 
have all but eliminated routine radioac
tive emission. These improvements are 
taken into account in the newly proposed 
regulations of the Atomic Energy Com
mission (AEC) requiring, in effect, that 
the dose imposed on any individual liv
ing near the pla_,.nt boundary either by 
liquid or by gaseous effluents from 
LWR's should not exceed 5 mrem per 
year. This is to be compared with the 
natural background which is around 
100 to 200 mrem per year, depending 
on location, or the medical dose which 
now averages around 60 mrem per 
year. 

As for emissions from chemical re
processing plants, data are relatively 
scant since but one commercial plant, 
the Nuclear Services Plant at West Val
ley, New York, has been operating, 
and this only since 1966. During this 
time, liquid discharges have imposed an 
average dose of 75 mrem per year at 
the boundary. Essentially no 1a11 has 
been emitted. As for the other main 
gaseous effluents, all the 85Kr and 3H 
contained in the fuel has been released. 
This has amounted to an average dose 
from gaseous discharge of about 50 
mrem per year. 

Technology is now available for re
ducing liquid discharges, and processes 
for retaining 85Kr and 3H are being de
veloped at AEC laboratories. There is 
every reason to expect these processes 
to be successful. Properly operating ra
diochemical plants in the future should 
emit no more radioactivity than do prop
erly operating reactors-that is, less 
than 10 percent of the natural back
ground at the plant boundary. 

There are some who maintain that 
even 5 mrem per year represents an 
unreasonable hazard. Obviously there 
is no way to decide whether there is 
any hazard at this level. For example, 
if one assumes a linear dose-response 
for genetic effects, then to find, with 95 
percent confidence, the predicted 0.5 
percent increase in genetic effect in mice 

at a dose of, say, 150 mrem would re
quire 8 billion animals. At this stage 
the argument passes from science into 
the realm of what I call trans-science, 
and one can only leave it at that. 

My main point is that nuclear plants 
are indeed relatively innocuous, large
scale power generators if they and their 
subsystems work properly. The entire 
controversy that now surrounds the 
whole nuclear power enterprise there
fore hangs on the answer to the ques
tion of whether nuclear systems can 
be made to work properly; or, if faults 
develop, whether the various safety sys
tems can be relied upon to guarantee 
that no harm will befall the public. 

The question has only one answer: 
there is no way to guarantee that a nu
clear fire and all of its subsystems will 
never cause harm. But I shall try to 
show why I believe the measures that 
have been taken, and are being taken, 
have reduced to an acceptably low 
level the probability of damage. 

I have already discussed low-level 
radiation and the thermal emissions 
from nuclear systems. Of the remaining 
possible causes of concern, I shall dwell 
on the three that I regard as most im
portant: reactor safety, transport of ra
dioactive materials, and permanent dis
posal of radioactive wastes. 

Avoiding Large Reactor Accidents 

One cannot say categorically that a 
catastrophic failure of a large PWR or 
a BWR and its containment is impos
sible. The most elaborate measures are 
taken to make the probability of such 
occurrence extremely small. One of the 
prime jobs of the nuclear community is 
to consider all events that could lead to 
accident, and by proper design to keep 
reducing their probability however small 
it may be. On the other hand, there is 
some danger that in mentioning the mat
ter one's remarks may be misinter
preted as implying that the event is 
likely to occur. 

Assessment of the safety of reactors 
depends upon two rather separate con
siderations: prevention of the initiating 
incident that would require emergency 
safety measures; and assurance that the 
emergency measures, such as the emer
gency core cooling, if ever called upon, 
would work as planned. In much of the 
discussion and controversy that has 
been generated over the safety of nu
clear reactors, emphasis has been placed 
on what would happen if the emergency 
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Fig. 1. Boiling water reactor emergency cooling systems. 

measures were called upon and failed 
to work. But to most of us in the re
actor community, this is secondary to 
the question : How certain can we be 
that a drastic accident that calls into 
play the emergency systems will never 
happen? What one primarily is count
ing upon for the safety of a reactor is 
the integrity of the primary cooling 
system: that is, on the integrity of the 
pressure vessel and the pressure piping. 
Excruciating pains are taken to assure 
the integrity of these vessels and pipes. 
The watchword throughout the nuclear 
reactor industry is quality assurance: 
every piece of hardware in the primary 
system is examined, and reexamined, 
to guarantee insofar as possible that 
there are no flaws. 

Nevertheless, we must deal with the 
remote contingency that might call the 
emergency systems into action. How 
certain can one be that these will work 
as planned? To better understand the 
analysis of the emergency system, Figs. 
1 and 2 show, schematically, a large 
BWR and a PWR. 

Three barriers prevent radioactivity 
from being released: fuel element clad
ding, primary pressure system, and con
tainment shell. In addition. to the reg
ular safety system consisting primarily 
of the control and safety rods, there 
are elaborate provisions for preventing 
the residual radioactive heat from melt
ing the fuel in the event of a loss of 
coolant. In the BWR there are sprays 
that spring into action within 30 sec-

CONTAINMENT SPRAY 

REFUELING 
WATER 

STORAGE 
TANK 

SPRAY 
SOLUTION 
ADDITIVE 

TANK 
CONTAINMENT VESSEL 

HIGH PRESSURE 
INJECTION SYSTEM 

BORON 
INJECTION TANK 

"HX" 

CONTROL 
RODS 

MAIN STEAM LINE TO TURBINE 

STEAM 
GENERATOR 

MAIN FEEDWATER LINE FROM TURBINE 

CONTAINMENT SUMP 

Fig. 2. Pressurized water reactor emergency cooling systems. 

onds of an accident. In both the PWR 
and BWR, water is injected under pres
sure from gas-pressurized accumulators. 
In both reactors there are additional 
systems for circulating water after the 
system has come to low pressure, as 
well as means for reducing the pressure 
of steam in the containment vessel. This 
latter system also washes down or other
wise helps remove any fission products 
that may become airborne. 

In analyzing the ultimate safety of 
a L WR, one tries to construct sce
narios-improbable as they may be
of how a catastrophe might occur; 
and then one tries to provide reliable 
countermeasures for each step in 
the chain of failures that could lead 
to catastrophe. The chain conceivably 
could go like this. First, a pipe might 
break, or the safety system might fail 
to respond when called upon in an 
emergency. Second, the emergency 
core cooling system might fail. Third, 
the fuel might melt, might react also 
with the water, and conceivably might 
melt through the containment. Fourth, 
the containment might fail catastroph
ically, if not from the melt itself, then 
from missiles or overpressurization, and 
activity might then spread to the pub
lic. There may be other modes of catas
trophic failure-for example, earth
quakes or acts of violence-but the 
above is the more commonly identified 
sequence. 

To give the flavor of how the analy
sis of an accident is made, let me say 
a few words about the first and sec
ond steps of this chain. As a first step, 
one might imagine failure of the safety 
system to respond in an emergency, 
say, when the bubbles in a BWR 
collapse after a fairly routine turbine 
trip. Here the question is not that 
some safety rods will work and some 
will not, but rather that a com
mon mode failure might render the en
tire safety system inoperable. Thus if 
all the electrical cables actuating the 
safety rods were damaged by fire, this 
would be a common mode failure. Such 
a common mode failure is generally re
garded as impossible, since the actuat
ing cables are carefully segregated, as 
are groups of safety rods, so as to avoid 
such an accident. But one cannot prove 
that a common mode failure is im
possible. It is noteworthy that on 30 
September 1970, the entire safety sys
tem of the Hanford-N reactor (a one
of-a-kind water-cooled, graphite-mod
erated reactor) did fail when called 
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upon; however, the backup samarium 
balls dropped precisely as planned and 
shut off the reactor. One goes a long 
way toward making such a failure in
credible if each big reactor, as in the 
case of the Hanford-N reactor, has two 
entirely independent safety systems that 
work on totally different principles. In 
the case of BWR, shutoff of the recircu
lation pumps in the all but incredible 
event the rods fail to drop constitutes 
an independent shutoff mechanism, and 
automatic pump shutoff is being in
corporated in the design of modern 
BWR's. 

The other step in the chain that I 
shall discuss is the failure of the emer
gency core cooling system. At the mo
ment, there is some controversy whether 
the initial surge of emergency core 
cooling water would bypass the reactor 
or would in fact cool it. The issue was 
raised recently by experiments on a 
very small scale (9-inch-diameter pot) 
which indeed suggested that the water 
in that case would bypass the core dur
ing the blowdown phase of the accident. 
However, there is a fair body of ex
perts within the • reactor community 
who hold that these experiments were 
not sufficiently accurate simulations of 
an actual PWR to bear on the reliabil
ity or lack of reliability of the emergen
cy core cooling in a large reactor. 

Obviously the events following a 
catastrophic loss of coolant and injec
tions of emergency ooolant are com
plex. For example, one must ask wheth
er the fuel rods will balloon and block 
coolant channels, whether significant 
chemical reactions will take place, or 
whether the fuel cladding will crum
ble and allow radioactive fuel pellets 
to fall out. 

Such complex sequences are hardly 
susceptible to a complete analysis. We 
shall never be able to estimate every
thing that will happen in a loss-of-cool
ant accident with the same kind of cer
tainty with which we can compute the 
Balmer series or even the course of the 
ammonia synthesis reaction in a fertil
izer plant. The best that we can do as 
knowledgeable and concerned technol
ogists is to present the evidence we 
have, and to expect policy to be based 
upon informed-not uninformed--opin
ion. 

Faced with questions of this weight, 
which in a most basic sense are not 
fully susceptible to a yes or no scien
tific answer, the AEC has invoked the 
adjudicatory process. The issue of the 
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reliability of the emergency core cool
ing system is being taken up in hearings 
before a special board drawn from the 
Atomic Safety and Licensing Board 
Panel. The record of the hearings is 
expected to contain all that is known 
about emergency core cooling systems 
and to provide the basis for setting the 
criteria for.design of such systems. 

Transport of Radioactive Materials 

If, by the year 2000, we have 106 

megawatts of nuclear power, of which 
two-thirds are liquid metal fast breed
ers, then there will be 7,000 to 12,000 
annual shipments of spent fuel from re
actors to chemical plants, with an av
erage of 60 to I 00 loaded casks in tran
sit at all times. Projected shipments 
might contain 1.5 tons of core fuel 
which has decayed for as little as 30 
days, in which case each shipment 
would generate 300 kilowatts of thermal 
power and 75 megacuries of radioac
tivity. By comparison, present casks 
from LWR's might produce 30 kilo
watts and contain 7 megacuries. 

Design of a completely reliable ship
ping cask for such a radioactive load 
is a formidable job. At Oak Ridge our 
eng~neers have designed a cask that 
looks very promising. As now con
ceived, the heat would be transferred 
to air by liquid metal or molten salt; 
and the cask would be provided with 
rugged shields which would resist de
formation that might be caused by a 
train wreck. To be acceptable the ship
ping casks must be shown to with
stand a 30-minute fire and a drop from 
30 feet onto an unyielding surface 
(Fig. 3). 

Can we estimate the hazard associ-

ated with transport of these materials? 
The derailment rate in rail transport (in 
the United States) is 10-6 per car mile. 
Thus, if there were 12,000 shipments 
per year, each of a distance of 1000 
miles, we would expect .12 derailments 
annually. However, the number of ser
ious accidents would be perhaps 10-4-

to 10- 6-fold less frequent; and ship
ping casks are designed to withstand 
all but the most serious accident (the 
train wreck near an oil refinery that 
goes into flames as a result of the 
crash). Thus the statistics-between 
1.2 X 10-3 and 1.2 X IQ- 5 serious 
accidents per year-at least until the 
year 2000, look quite good. Neverthe
less the shipping problem is a difficult 
one and may force a change in basic 
strategy. For example, we may decide 
to cool fuel from LMFBR's in place 
for 360 days before shipping: this re
duces the heat load sixfold, and in
creases the cost of power by only 
around 0.2 mill per electric kilowatt 
hour. Or a solution that I personally 
prefer is to cluster fast breeders in 
nuclear power parks which have their 
own on-site reprocessing facilities (5). 
Clustering reactors in this way would 
make both cooling and transmission of 
power difficult; also such parks would 
be more vulnerable to common mode 
failure, such as acts of war or earth
quakes. These difficulties must be bal
anced against the advantage of not 
shipping spent fuel off-site, and of sim
plifying control of fissile material against 
diversion. To my mind, the advantages 
of clustering outweigh its disadvan
tages; but this again is a trans-scien
tific question which can only be ad
judicated by a legal or political process, 
rather than by scientific exchange among 
peers. 

Fig. 3. Liquid metal fast breeder reactor spent fuel shipping cask (18 assemblies). 
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Wnste Disposal 

By the year 2000, according to pres
ent projections, we shall have to se
quester about 27,000 megacuries of ra
dioactive wastes in the United States; 
these wastes will be generating 100,000 
kilowatts of heat at that time. The 
composition of these wastes is sum
marized in Table 2. 

The wastes will include about 400 
megacuries of transuranic alpha emit
ters. Of these, the 239Pu with a half
life of 24,400 years will be dangerous 
for perhaps 200,000 years. 

Can we see a way of dealing with 
these unprecedentedly treacherous ma
terials? I believe we can, but not with
out complication. 

There are two basically different ap
proaches to handling the wastes. The 
first, urged by W. Bennett Lewis of 
Chalk River (6), argues that once man 
has opted for nuclear power he has 
committed himself to essentially per
petual surveillance of the apparatus of 
nuclear power, such as the reactors, the 
chemical plants, and others. Therefore, 
so the argument goes, there will be 
-spots on the earth where radioactive 
operations will be continued in perpe-

tuity. The wastes then would be stored 
at these spots, say in concrete vaults. 
Lewis further refines his ideas by sug
gesting that the wastes be recycled so as 
to limit their volume. As fission prod
ucts decay, they are removed and 
thrown away as innocuow: nonradioac
tive species; the transuranics are sent 
back to the reactors to be burned. The 
essence of the scheme is to keep the 
wastes under perpetual, active surveil~ 
lance and even processing. This is 
deemed possible because the original 
commitment to nuclear energy is con
sidered to be a commitment in per
petuity. 

There is merit in these ideas; and 
indeed permanent storage in vaults is 
a valid proposal. However, if one 
wishes to perpetually rework the wastes 
as Lewis suggests, chemical separations 
would be required that are much sharp
er than those we now know how to do; 
otherwise at every stage in the recycling 
we would be creating additional low
level wastes. We probably can eventu
ally develop such sharp separation 
methods; but these, at least with cur
rently visualized techniques, would be 
very expensive. It is on this account 
that I like better the other approach 

Table 2. Projected waste inventories at the permanent repository. 

Calendar year 

1980 1990 2000 

Number of annual shipments 
High-level waste* 23 240 590 
Alpha wastet 420 1,200 0 

Accumulated high-level waste 
Volume of waste (cubic feet) 3,170 74,200 319,000 
Salt area used (acres) 9 200 900 
Total thermal power (megawatts) 1.17 24.4 94.9 
Total activity (megacuries) 329 7,030 27,700 
"'Sr (megacuries) 59.0 1,310 5,290 
"'Cs ( megacuries) 83.1 1,850 7,500 
""Pu (megacuries) 0.102 2.34 9.88 
''30Pu ( megacuries) 0.00157 0.0368 0.158 
2"'Pu (megacuries) 0.00400 0.101 0.470 
2" Am ( megacuries) 0.151 3.54 15.3 
'"Cm (megacuries) 1.58 34.1 133.3 

Accumulated alpha wastet§ 
Volume of waste (10° cubic feet) 2.1 10.3 19.3 
Salt area used (acres) 20 96 180 
Total thermal power (megawatts) 0.0142 0.170 0.476 
Total activity (megacuries) 14.2 151 300 
Total mass of actinides (metric tons) 1.40 15.8 38.3 
"'-'Pu (megacuries) 0.232 2.57 6.02 
2'°Pu ( megacuries) 0.0515 0.580 1.41 
""'Pu (megacuries) 0.0741 0.834 2.02 
'"'Pu (megacuries) 13.8 146 286 
"''Am (megacuries) 0.0617 1.03 4.74 

• Each shipment consists of 57 .6 cubic feet of waste in 36 cylinders (6 inches in diameter). Each cubic 
foot of waste represents 10,000 megawatt days (thermal) of reactor operation. Half of the waste is 
aged 5 years, and half is aged JO years at the time of its shipment. Last shipments are assumed to be 
made in the year 2000. t Shipments are made in A TMX railcars; each shipment contains 832 cubic 
feet of waste. Last shipments are assumed to be made in the year 1999. t At end of year. 
§ The isotopic composition of Pu at the time of its receipt is I percent "'"Pu, 60 percent =Pu, 24 
percent 210Pu. 11 percent 241 Pu. and 4 percent :?4:!Jlu. 

which is to find some spot in the uni
verse where the wastes can be placed 
forever out of contact with the bio
sphere. Now the only place where we 
know absolutely the wastes will never 
interact with man is in far outer space. 
But the roughly estimated cost of send
ing wastes into permanent orbit with 
foreseeable rocket technology is in the 
range of 0.2 to 2 mills per electric 
kilowatt hour, not to speak of th~ hazard 
of an abortive launch. For both these 
reasons I do not count on rocketing 
the wastes into space. 

This pretty much leaves us with dis
posal in geologic strata. Of the many 
possibilities--deep rock caverns, deep 
wells, bedded salt-the latter has been 
chosen, at least on an experimental 
basis. by the United States and West 
Germany. The main advantages of bed
ded salt are primarily that, because salt 
dissolves in water, the existence of a 
stratum of bedded salt is evidence that 
the salt has not been in contact ·with 
circulating water during geologic time. 
Moreover, salt flows plastically; if 
radioactive wastes are placed in the 
salt, eventually the salt ought to en
velop the wastes and sequester them 
completely. 

These arguments were adduced by 
the National Academy of Sciences Com
mittee on Radioactive Waste Manage
ment ( 7) in recommending that the 
United States investigate bedded salt 
(which underlies 500,000 square miles 
in our country) for permanent disposal 
of radioactive wastes. And, after 15 
years of discussion and research, the 
AEC about a year ago decided to try 
large-scale waste disposal in nn aban
doned salt mine in Lyons, Kansas (Fig. 
4). If all goes as planned, the Kansas 
mine is to be used until A.b, 2000. 
What one does after A.D. 2000 would 
of course depend on our experience 
during the next 30 years ( 1970 to 
2000). In any event, the mine is to be 
designed so as to allow the wastes to 
be retrieved during this time. 

The salt mine is 1000 feet deep, and 
the salt beds are around 300 feet thick, 
The beds were laid down in Permian 
times and had been undisturbed, until 
man himself intruded, for 200 million 
years. Experiments in which radioactive 
fuel elements were placed in the salt 
have clarified details of the tempera
ture distribution around the wastes, the 
effect of radiation on salt, the migra
tion of water of crystallization within 
the salt, and so on. 

The general plan is first to calcine the 
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liquid wastes to a dry solid. The solid 
is then placed in metal cans, and the 
cans are buried in the floor of a gal
lery excavated in the salt mine. After 
the floor of the gallery is filled with 
wastes, the gallery is backfilled · with 
loose salt. Eventually this loose salt 
will consolidate under the pressure of 
the overburden, and the en ire mine 
will be resealed. The wastes will have 
been sequestered, it is hoped, forever. 

Much discussion has centered around 
the question of just how certain we are 
that the events will happen exactly as 
we predict. For example, is it possible 
that the mine will cave in and that this 
will crack the very thick layers of shale 
lying between the mine and an aquifer 
at 200 feet below the surface? There is 
evidence to suggest that this will not 
happen, and I believe most, though not 
all, geologists who have studied the 
matter agree that the 500-foot-thick 
layer of shale above the salt is too strong 
to crack so completely that water could 
enter the mine from above. 

But man's interventions are not so 
easily disposed of. In Kansas there are 
some 100,000 oil wells and dry holes 
that have been drilletl through these salt 
formations . These holes penetrate aqui
fers; and in principle they can let water 
into the mine. For the salt _mine to l>e 
acceptable, one must plug all such 
holes. At the originally proposed site 
there were 30 such holes; in addition, 
solution mining was practiced nearby. 
For this reason, the AEC recently 
authorized the Kansas State Geological 
Survey to study other sites that were 
not peppered with man-made holes. _The 
AEC also announced recently its inten
tion to store solidified wastes in con
crete vaults, pending n~solution of these 
questions concerning permanent dis
posal in geologic formations. 

Man's intervention complicates the 
use of salt for waste disposal; yet by 
no means does this imply that we must 
give up the idea of using salt. In _the 
first place, such holes can be plugged, 
though this is costly and requires de
velopment. In the second place, let us 
assume the all but incredible event that 
the mine is flooded-let us say 10,000 
years hence. By that time, since no new 
waste will be placed in the mine after 
A.D. 20GO, all the highly radioactive 
beta decaying species, notably 90Sr and 
n,cs, would have decayed. The main 
radioactivity would then come from 
the alpha emitters. The . mine would 
contain 38 tons of 2:i 0ru mixed with 
about a million tons of nonradioactive 
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material. The plutonium in the cans is 
thus diluted to 38 ·parts per million; 
since plutonium is, per gram, l 0,000 
times more hazardous than natural 
uranium in equilibrium with its daugh
ters, these diluted waste materials would 
present a hazard of the same order as 
an equal amount of pitchblende. Actu
ally, the 38 tons of 23~Pu is spread 
over .200 acres. If all the salt associated 
with the 230Pu were dissolved in water, 
as conceivably could result from total 
flooding of the mine, the concentration 
of .plutonium in the resulting salt solu
tion would be well below maximum 
permissible concentrations. In other 
words, by virtue of having spread the 
plutonium over an area of 200 acres, 
we have to a degree ameliorated the 
residual risk in the most unlikely event 
that the mines are flooded. 

Despite such assurances, the mines 
must not be allowed to flood, especially 
before the 1:i,cs and 00sr decay. We 
nmst prevent man from intruding-and 
this can be assure:! only. by man him
self. Thus we again c0me back to the 
great desirability, if not absolute neces
sity in this case, of keeping the wastes 
under some kind of surveillance in per
petuity. The great advantage of the salt 
method over, say, the perpetual rework
ing method, or even the aboveground 
concrete vaults without reworking, is 
that our commitment to surveillance in 
the case of salt is minimal. All we have 

to do is prevent man from intruding, 
rather than keeping a priesthood that 
forever reworks the wastes or guards the 
vaults. And if the civilization should 
falter, which would mean, among other 
things, that we abandon nuclear power 
altogether, we can be almost (but not 
totallyi assured that no harm would 
befall our recidivist descendants of the 
,distant future. 

Social Institutions-Nuclear Energy 

We nuclear people have made a Faus
tian bargain with s·ociety. On the one 
hand, we offer-in the catalytic n~-clear 
burner-an inexhaustible · ~ource of 
energy. Even in the short range, :whe11 
we use ordinary reactors, we offer 
energy that is cheaper than energy from 
fossil fuel. Moreover, this source of 
energy, when properly handled, is 
almost nonpolluting. Whereas fossil fuel 
burners must emit oxides of carbon and 
nitrogen, and probably will always emit 
some sulfur dioxiderthere is no intrinsic 
reason why nuclear systems must emit 
any pollutant--except heat and traces 
of radioactivity. 

But the price that we demand of 
society for this magical energy source is 
both a vigilance and a longevity of our 
social institutions that we are quite un
accustomed to. In a way, all of this 
was anticipated during the old debates 

Fig. 4. Federal repository. 
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over nuclear weapons. As matters have 
turned out, nuclear weapons have stabi
lized at least the relations between the 
superpowers. The prospects of an all
out third world war seem to recede. In 
exchange for this atomic peace we have 
had to manage and control nuclear 
-~capons. Jn a sense, we have established 
a military priesthood which guards 
against inadvertent use of nuclear wea
pons, which maintains what a priori 
seems to be a precarious balance be
tween readiness to go. to war and vigi
lance against human errors. that would 
precipitate war. Moreover, this is not 
.something that wiU go away, at least 
not soon: The discovery of the bomb 
has imposed an additional demand on 
our .· social institutions. It has called 
forth this military priesthood upon 
which in a way we all depend for our 
survival. 

It seems to me ( and in this I repeat 
some views expressed very well by 
Atomic Energy Commissioner Wilfrid 
Johnson) that peaceful nuclear energy 
probably will make demands of the 
same sort on our. society, and possibly 
of even longer duration. To be sure, 
we shall steadily improve the technology 
of nuclear energy; but, short of de
veloping a truly successful thermo
nuclear reactor, we shall never be 
totally free of concern over reactor 
safety, transport of radioactive mate
rials, and waste disposal. And even if 
thermonuclear ene_rgy proves to be 
successful, we shall still have to ~andle 
a good deal of radioactivity. 
· \Ve make two demands .. The first, 

which J think is the easier to manage, 
is that we exercise in nuclear technology 
the very best techniques and that we 
use people of high expertise and pur
pose. Quality assurance is the phrase 
that permeates much of the ~uclcar 
community these days.. It connotes 
using the highest standards of en
gineering design and execution; of 
maintaining proper discipline in the 
operation of nuclear plants in the face 
of the natural tendency to relax as a 
plant becomes older and more familiar; 
and perhaps of m:maging and operat
ing our nuclear power plants with 
people of higher qualification than were 

necessary for managing and operating 
nonnuclear power plants: in short, of 
creating a continuing tradition of metic
ulous attention to detail. 

The second demand is less clear, and 
I hope it may prove to be unnecessary. 
This is the demand for longevity in 
human institutions. We have relatively 
little problem dealing with wastes if we 
can assume always that there will be 
intelligent people around to cope with 
eventualities we have not thought of. 
If the nuclear parks that I mention are 
permanent features of our civilization, 
then we presumably have the social ap
paratus, and possibly the sites, for deal
ing with our wastes indefinitely. But 
even our salt mine may require some 
small measure of surveillance if only to 
prevent men in the future from drilling 
holes into the burial grounds. 

fa1gene Wigner has drawn an analogy 
between this commitment to a perma
nent social order that may be implied 
in nuclear energy and our commitn1cnt 
to a stable, year-in and year-out social 
order when man moved from hunting 
and gathering to agriculture. Before 
agriculture, social institutions hardly re
quired the long-lived stability that we 
now take so much for granted. And the 
commitment imposed by agriculture in a 
sense was. forever: the land had to be 
tilled and irrigated every year in 
perpetuity; the expertise required to ac
complish this task could not be allowed 
to perish or man would perish; his 
numbers could not be sustained by hunt
ing and gathering. In the same sense, 
though on a much more highly sophisti
cated plane, -the knmvlcdge and care 
that goes into the proper building and 
operation of nuclear power plants and 
their subsystems is something that we 
arc committed to forever, so long as 
we find no other practical energy 
source of infinite extent ( 8). 

Let me close on a somewhat difTer
cnt note. The issues I have discussed 
here-reactor safety, waste disposal, 
transport of radioactive materials-are 
complex matters about which little 
can be said with absolute certainty. 
When we say that the probability of a 
serious reactor incideilt is perhaps JO-S 
or even 10-~ per reactor per year, or 

that the failure of all safety rods simul
taneously is incredible, we are speak
ing of matters that simply do not admit 
of the same order of scientific certainty 
as when we say it is incredible for heat 
to flow against a temperature gradient 
or for a perpetuum mobile to be built. 
As I have said earlier, these matters 
have trans-scientific elements. We claim 
to be responsible technologists, and as 
responsible technologists we give as 
our judgment that these probabilities 
are extremely-almost vanishingly
small; but we can never represent these 
things as certainties. The society must 
then make the choice, and this is a 
choice that we nuclear people cannot 
dictate. We can only participate in 
making it. Is mankind prepared to exert 
the eternal vigilance needed to ensure 
proper and safe operation of its 
nuclear energy system? This admittedly 
is a significant commitment that we 
ask of society. \Vhat we offer in return, 
an all but infinite source of relatively 
cheap and clean energy, seems to me to 
be well worth the price. 
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How Can Man Live with Fission? 

Alvin M. Weinberg 

I propose to examine the dilemma man might face because, 
if he is to survive in anything like his present numbers, he 
will need an inexhaustible energy source; and, if we are pru
dently realistic about our options for inexhaustible energy 
sources, we must assume--despite various optimistic counter
clai~s-~that only nuclear fission can be relied upon as this 
source. The fission breeder, though a practically inexhaustible 
source of energy, is potentially beset with certain difficulties: 
reactor safety, diversion of fissile material, accidents during 
transport, waste disposal, dismantling of old reactors, and 
routine radioactive emissions. 

These potential difficulties have led to strongly polarized 
views as to the future course man ought to take. On the one 
side are the technological optimists (including myself) who 
insist that the difficulties of fission tend to be exaggerated; 
wha~ difficulties there are can be remedied, or at least 
reduced to acceptable proportion, by technological improve
ments. On the other hand there are those such as the Swedish 
plasma physicist Hannes Alfven who reject fission as being an 
unacceptable long-term source of energy. 

Those who reject fission urge two courses of action: 
first, to reduce man's per capita energy demand; and second, 
to expand research on alternative inexhaustible energy sources-
solar, geothermal, fusion--in the hope that at least one of 
these car1 eventually provide our prime energy without posing 
the potential hazards of fission. In the meantime, while we 
wait for these alternatives, we ought to depend on fossil 
fuels. 

I cannot fault either the desire to reduce our per capita 
energy expenditure, or an expanded effort on solar, geothermal, 
and fusion energy. However, there is no assurance that either 
of these strategies will work. As for reduction of U. S. 
per capita energy expenditure, say by a factor of two, even 
if this were economically feasible, it would merely delay for 
a ti~e our need for an alternative source of energy. Moreover, 
this strategy says nothing about the rest of the world which 
now uses energy at one-sixth the U. S. rate. As for solar, 
geothermal, and fusion, despite the optimism that pervades 

·much of the literature on these sources of energy, it is not 
at all certain that any of these will turn out to be sound for 
technical or economic reasons or a combination of both. I 
will discuss this point·further at the end of this prospectus. 



110 
I therefore return to the fission breeder and state: 

Granted that the fission breeder is an imperfect source of 
energy that imposes a serious social burden on the society, 
it may well be the only one we shall have. Can we visualize, 
first, developments in fission technology that would reduce 
the social burden placed on our society by the fission 
breeder? And can we visualize in some detail the changes in 
our social organizations and institutions that will further 
reduce the dangers inherent in fission technology, and thus 
make this technology acceptable, if not to the most extreme 
skeptics, then to the more-moderate critics of fission energy? 

The Potential Dangers of Fission Eriergy 
I 

In my paper "Moral Imperatives of Nuclear Energy," 
which I include as an appendix, I give,. in Tables 1 and 2, 
a summary of the potential dangers of nuclear energy. (Note 
that I do not consider incidental releases from nuclear 
reactors a threat; the present "low as.practical regulations" 
reduce the allowable radioactive releases from a properly 
operating reactor to n~gligible proportions.) 

' 

In "Moral Imperatives of Nuclear Energy," I envisage, 
as an upper limit, a world of 15 x 10 9 people producing 
heat at the rate of 300 x 10 9 kilowatts, all from fission 
breeders; as a lower limit, I assume the current energy 
budget of 5 x 10 9 kw. ·The sheer size of the nuclear enter
prise under the hi~h assumption is staggering: 24,000 
breeders, 150 x 10 tons of plutonium in inventory, 36 x 106 

megacuries of radioactive.fission products in equilibrium! 
Can-we seriously- contemplate such a huge commitment to 
nuclear energy? Can we identify fixes, both technological 
and social, that might allow us to live comfortably with 
fission energy on this scale? 

Table 1. Problems of-Nuclear Energy 

1. Safety of Reactors 

2. Transport of Radioactive Fuel 
3. Ultimate Disposal of Radioactive Wastes 

4. Clandestine Diversion of Fissile Materials 

5. Disposal of Old Reactor Sites 

6. Waste Heat 
7. Waste By-products of Minin~ Uranium 
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Table 2. Dimensions of the-Assumed Asymptotic 
Nuclear Enterprise 

Number of reactors 

Pu in inventory 

Bred Pu produced/year 

Number of reactors 
built/year 

Number of spent fuel 
shipments/year 
(assume 100,000 MWd/T, 
1/2 T Pu/shipment) 

Number of fuel shipments 
in transit (6 days/ 
shipment) 

Radioactive fission 
products in 
equilibrium 

Ratio of nuclear 
energy to solar 
energy absorbed 
by earth 

Technological Fixes 

Low Assumption 
5 x 10 9 kw 

4~0 

2.5 X 10 3 T 

2.5 X 10 2 T 

8 

35,000 

600 

0.6 x 10 6 MCi 

1/24.,000 

High Assumption 
300 X 10 9 kw 

24,000 

150 X 10 3 T 

150 X 10 2 T 

480 

2.,100,000 

36.,000 

36 x 10 6 MCi 

1/ 400 

First, what improvements in fission technology do we see 
that might reduce the burden of risk imposed by fission 
breeders? Several of these are discussed in "Moral Imperative~ 
of Nuclear Energy"; I include them along with other possibil
ities that have occurred to me. However., I do not intend this 
list to be exhaustive; indeed, some of my suggestions may be 
impractical for one reason or another. 

I. Reactor Siting 

This includes several options., not mutually exclusive. 
Among these options are: 



l1Z 
A. Nuclear Parks 

1. Advantages 

a. Internal lines of communication, hence less 
vulnerable to diversion. 

b. A huge complex is likely to have stronger 
resources (people, facilities) to handle 
emergencies. 

c. A complex of many reactors will be built 
over many years; the building team will 
therefore become more expert as it goes 
from reactor to reactor. The reactors 
themselves will be better built and more 
reliable. 

d. Confining radioactive operations to a few 
sites limits the areas that may conceivably 
be contaminated by accidents. 

2. Disadvantages 

a. Vulnerability - to common-mode failure such 
as enemy action, earthquakes, accident, etc. 

b. Limit to how much electricity can be trans
mitted from a single site. 

c. Local heat island limit. 

d. Increased cost of transmitting electricity. 

On balance, I think the advantages outweigh the dis
advantages: I simply do not see how we can continue 
deploying reactors and chemical plants in the absence 
of a siting policy that limits radioactive operations 
to a f~w places. 

B. Undergroun~ Siting or Multiple Containment 

How much safer an underground reactor would be 
probably ought to be studied more exhaustively. 
Some estimates of the cost of undergrounding are 
quite low, b~t these are not full studies insofar 
as I know. Berm construction has been proposed, 
and this may deserve serious study. Multiple 
containment vessels may afford as much safety as 
does the more expensive underground construction. 
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C. Ocean Siting 

D. 

Eventually the ocean will becocie the most desirable 
heat sink, simply because of its heat capacity. 
Siting reactors offshore is a special case of a 
general trend toward siting heavy industry off
shore. 

Combinations 

Nuclear parks and underground siting; nuclear ocean 
parks. The latter seem rather plausible to me, 
especially with the trend toward building non
nuclear industrial complexes offshore. 

II. Reactor Design 

Can reactors be designed, ab initio, to be invulnerable 
to the China Syndrome--that is, a failure of the con
tainment vessel and melting through of,the radioactive 
fuel? One expensive way to achieve this is to reduce 
the power per reactor, though I do not know--for a given 
type of reactor--whethar anyone really knows what the 
upper limit to the size of a reactor that is invulnerable 
to the China Syndrome might be. Other ideas for defeating 
the China Syndrome include core catchers and, as pre
viously mentioned, underground siting of reactors and 
multiple containment. 

Redundant safety systems that would make an anticipated 
transient with failure to scram an inconceivable event 
are clearly desirable. 

III. Quality Assurance 

These are hardly technological fixes. Nevertheless, the 
"Zero Defect" movement in the aerospace industry suggests 
that very high degrees of perfection are attainable. 

DI. Radioactive Waste Disposal 

A. Development of Non-Leachable Solid~ 

Non-leachable solids could be developed that would 
not contaminate water even if the geologic repository 
were flooded as the result of human inadvertency or 
unforeseen geologic event. 

B. Clean Separation of the Actinides from Fission 
Products 

Actinides would be separated clearly from fission 
products and returned to the reactor to be burned. 



In a paper entitled "Management and Disposal of 
• Wastes from the Nuclear Power Industry, 11 by 
J. 0. Bloemke, J. P. Nichols, and W. C. McClain 
and submitted to Physics Today, the authors point 
out that, if the long-lived actinides can be 
removed very sharply from the fission products, 
the remaining wastes, without the actinides, remain 
very hazardous for a period of several hundred years 
rather than the many thousands of years required 
if the long-lived alpha emitters remain in the wastes. 
(The question of long-lived fission products, such 
as ~9~c, 135Cs, 93 Zr, and 129 I, still may need 
resolution.) The Measure of Hazard used by the 
authors is the amount of water required to dilute the 
wastes to a level below that judged safe according 
to current radioactive concentration guides. There 
are naturally occurring pitchblende ores which are 
as hazardous now as unseparated wastes would be in 
some tens of thousands of years. If the actinides 
are separated out, this time is $hortened to leii 
than 1000 years. Though sharp separation of actinides 
\and probably a few other species) may be very 
desirable, the technology to do this does not now 
exist. However, there is probably no reason, in 
principle, why such sharp separations could not be 
developed; it would be a rather expensive develop
ment, but almost surely is feasible. 

This still leaves the question of what to do with the 
actinides. As long as the reactor enterprise continues, 
the actinides can be burned in the operating reactors. 
However, there will always be some unburned actinides 
in the reactor--even if one, say, substituted 235 U 
as the fuel for burning the higher actinides. Thus 
the strategy of separating the actinides and burning 
them, though it reduces significantly the problem 
of storing wastes, requires devices that get rid of 
the actinides. Though we_ think of these now as being 
reactors (which always have some inventory of 
actinide in them), high-powered, neutron generating 
accelerators may turn out to be feasible in the next 
25 to 50 years. One would of course expect that, 
if the society is sophisticated enough to operate 
high-powered neutron generators, it is sophisticated 
enough to operate reactors that can burn out the 
actinides. Yet if for some reason we decided to turn 
away from fission, we would probably want a non-
fission neutron source to get rid of the actinides. 
Of course, if ~usion worked, we would have a ready-
made source of relatively chear neutrons for this 
purpose. 
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115' 
c. Fanciful Methods of Waste Disposal 

These include shooting to the sun, incorporation 
in the earth's mantle, disposal in polar ice caps. 

Some of these technological fixes are more realistic 
than others. I would judge most of them to be easier than 
development of fusion, economical solar energy, or energy 
.from hot rocks. 

Social Fixes 

Each technological fix will reduce a specific social 
burden imposed by fission. A detailed catalogue of the 
effect of a technological fix on the social burden should be 
made. However, no matter how good fission technology 
becomes, there undoubtedly will remain possible dangers that 
can be avoided only through intelligent, long-term inter
vention. Perhaps the most pervasive of these human inter
ventions is the necessity for a long-term social commitment 
simply because 239 Pu has such a long half-life. (This 
assumes we cannot completely burn out unwanted plutonium.) 
Beyond this is a commitment to expertise of a very high 
order--again a commitment that will last for many, many 
generations. What can we do to ensure the longevity and 
viability of the social mechanisms that seem to be required 
if we concede that we shall always be dealing with the huge 
amounts of 239 Pu? 

What is required is a cadre that, from now on, can be 
counted upon to understand nuclear technology, to control it, 
to prevent accidents, and to prevent diversion. Moreover, 
in this ultimate world, nuclear reactors will be in Uganda 
is well as in the U. S. A., iri Ethiopia as well as in England. 
And one must ensure the same high degree of expertise in the 
underdeveloped country as in the developed country. 

Thus the first order of improvement in socia~ institu
tions undoubtedly must be carried out on a national level. 
Nuclear reactors are now operated by utility companies that 
are, traditionally, not heavily research-oriented. Is it 
possible to find mechanisms for improving the quality of 
utility operation--say to bring the general level of the 
energy utilities up to the level of the telephone utility? 
Is nuclear energy compatible with a fragmented utility 
industry--or must utilities merge to create super-critical 
entities at least for operation of reactors, if not for 
distribution of the electricity from them? 



One suggestion (proposed by Sidney Siegel) that is 
relevant to the situation in the United States would be 
to establish a national corporation patterned after COMSAT 
to take charge of the generation of nuclear electricity. 
Such an organization would have technical resources that 
must exceed those available to even a large utility; and 
a high order of technical expertise in operating reactors 
and their sub-systems is essential to ensuring the con
tinued integrity of these devices. 

Each country now has its own AEC that sets standards or, 
in some cases, actually monitors or operates reactors. 
Perhaps this will be sufficient forever. Yet, no government 
has lasted cor;tinuously for 1000 years;~ the Catholic 
Church is the best example of what I have in mind; a central 
authority that proclaims and to a degree enforces doctrine, 
maintains the long-term social stability, and has connections 
to every country's own Catholic Church. 

The present International Atomic Energy Agency (IP.EA) 
has some of the elements of such a trans-national authority. 
At present, one of the most important functions of IAEA is 
to convey information concerning nuclear technology through
out the world. This function is especially imp·ortant since 
at every stage in the development it is highly desirable that 
each cadre learn from the experience, particularly the 
mistakes and narrow escapes, of other cadres everywhere in 
the world. One such path might be simply to strengthen 
IAEA--possibly to such an extent that it will acquire many 
of the powers of the International Authority envisaged in 
the old Baruch-Oppenheimer plan. 

The nuclear community tends to address this set of 
problems by trying to avoid anything that wi~l "foreclose 
options for future generations." For example, disposal of 
wastes as liquids in tanks is considered a temporary expedient; 
eventually, when the technology matures, these wastes will be 
solidified and permanently sequestered outside man's environ
ment. Perhaps t~is is the only realistic way to approach 
these matters; to examine and reexamin~ each of-our techno
logical paths to ensure, insofar as we ca~, that we do 
nothing that future generations cannot undo. A systematic 
review of the nuclear enterprise from this point of view may 
itself be useful; after all, a-physical bound on man's 
ultimate production of energy at one time seemed to be too 
remote to be worth worrying about, yet now we are seriously 
worried about just this contir:gency. Perhaps a reexamination 
of the various elements of the nuclear enterprise will 
uncover actions that do foreclose options for the future. 

The most obvious of these is the production of 239 Pu 
itself. Man must, from now on, live with this immensely 
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toxic substance. In some ways, the mere existence of 239 Pu 
forecloses some options; we must forever be careful about 
diversion of 239 Pu into dangerous hands. Again we return 
to a combination of social and technological approaches. 
Considerably more attention has been paid to the technological 
approaches to maintaining our options; we probably ought to 
examine whether our social visions match our technological 
inventiveness. 

I do not pretend to see at all clearly just what social 
institutions man will need to live forever with fission. It 
may be that nothing beyond what we are now doing is sufficient-
that.th~ national atomic authorities, held together loosely 
by the IAEA and by various bilateral agreements, are sufficient. 
But somehow, as one contemplates the huge stretch of man's 
future, this seems to be inadequate. I would therefore 
recommend that a small study be instituted to try to 
conceive social and technical mechanisms, as well as the 
general directions in which these ought to develop, to 
ensure our capacity to live in acceptable equilibrium with 
fission. 

Other Scenarios 

It may turn out, after seriously studying the question, 
that one will conclude that Alfven is right--man cannot in 
the very long run live with fission. What options will then 
be open, again assuming that neither fusion, solar, or geo
thermal will be available? There will be only one possibility 
in this extreme case: the world population will have to fall 
to some level that can be sustained with renewable energy 
sources--food, hydro, some solar heating, tides, winds, ocean 
thermal gradients, and combustible wastes. I do not know 
whether any serious study of this alternative is available; 
we do not know how many people the earth can support and at 
what level of energy consumption under this assumption. 
Probably the number is around 10 9 , but this ought to be 
established·more carefully. 

A more likely scenario may be the following. Of the 
three alternatives to fission--fusion, geothermal, and solar-
only certain kinds of geothermal and solar are known to work, 
for a price. Geothermal from hot rocks (as contrasted with 
geothermal from hot water or hot steam) is not known to be 
feasible at any price; yet only hot rocks represent a really 
large (though not inexhaustible) source of energy. 

Thus we might be left with solar as the only inexhaustible 
energy source, aside from fission, that we know is technically 
feasible, but at a very high price. Let us suppose that solar 
electricity can be generated for, say, five times the present 



cost of electricity. Whet would the social consequences 
of this assumption be? How many people, at what living 
standard, could the earth support with this primary source 
of energy? 

The United States now spends about eight percent of its 
gross national product {GNP) on energy. If the cost of energy 
increased five-fold, this would reduce our living standard 
significantly, but hardly enough to make life in any sense 
unbearable. What such an increase in the cost of prime 
energy would do to other countries is a graver question. In 
particular, at this cost of prime energy large-scale desalting 
of the sea probably is out of the question (unless major 
inventions are made), and this may set an upper limit to the 
number of people the earth can support. 

Attempts to visualize the social consequences of a five
fold increase in the cost of energy probably would be of some 
use even now. As our commitment to fission increases, so 
does our social commitment necessary for living with fission. 
We shall have to decide at some time--perhaps 50 to 100 years 
from now--whether our commitment to fission will be a perma
nent one. It would therefore seem prudent to have available 
an assessment of these options. The two alternative options 
I have mentioned--relatively little renewable energy, or 
solar at five times present costs--are the only· ones which 
according to our current knowledge are realistic. If we 
understood the consequences of these options more clearly, 
perhaps we could better answer the questions: (1) Can man 
live with fission forever?, and (2) Should man live with 
fission forever? I would therefore recommend a study of 
these options and their social consequences as part of the 
overall study. 

The Heat Balance Limit 

Hovering over all our considerations of ultimate tech
nical limits to man's use of fission energy is ~he heating of 
the earth. This is relevant to the question ''How can man 
live with fission?" only insofar as a very large amount of 
energy produced by fission--or by fusion and geothermal (but 
not solar)--may cause irreversible climatic changes--for 
example, melting of the ice cap. Thus we must know what the 
total tolerable global energy limit is so that, if w~ see any 
danger of approaching it, ~e can take the appropriate measures-
both social and technical--to reduce our energy expenditure. 

Man now produces about 1120,000 as much energy as the 
earth absorbs (and re-radiates) from the sun. This energy, 
in zeroth order, increases the average temperature of the 
globe by about 4 x 10- 3 oc--apparently a quite toler~ble amount 
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overall but, in some sites where the energy is concentrated . , 
possibly an uncomfortable concentration. At some man-made 
energy budget, the global temperature will rise to such an 
extent as to cause irreversible, and catastrophic, climatic 
changes. What is this upper limit? 

In simplest approximation again, a 50-fold increase in 
man's energy budget (corresponding to the previously postu
lated 300 x 10 9 kw) will raise the global temperature by 
about 0.20c. However, there may be subtle positive feedback 
effects (temperature dependence of the earth's albedo, 
increased greenhouse effect) which some climatologists claim 
would raise this somewhat more than 0.20c, and there is at 
least some opinion that holds that increases of this order 
might be enough to melt the polar ice cap. Here, then, is 
a matter that reouires serious and consistent scientific 
investigation: to give the best possible estimate of the 
large-scale climatological consequences of increases in man~ 
made energy. I would strongly urge that this question be 
taken u in a most lon~-term wa b devotin sa a sizeable 
part of the National Center for Atmospheric Research NCAR 
to the matter. 

What Should Be Done 

The burden of this memorandum is that man's alternatives 
to fission are so tenuous and uncertain that we would do well 
to prepare ourselves, socially and technologically, to come 
to comfortable equilibrium with fission for millenia, if not 
longer. In particular, there are a number of specific 
questions, both technological and social, that ought to be 
addressed immediately; these deal with what we should do 
during the next decade or two rather than with what distant 
generations can do 500 or 1000 years from now. 

Immediate Short-term Technological Questions 

Of these I put waste disposal and reactor safety at the 
top. Questions on which really hard answers are needed 
include: 

1. Demonstration of sharp separation between actinides 
and fission products. 

2. Resolution of the 93 Zr, 135Cs, 129 I, 99 Tc problems. 
'The first three probably can be handled by dilution with non
radioactive species; what about 99 Tc? 

3. Clearer understanding of possibility of disposal in 
space. 



4. Nuclear parks. 

5. Underground siting--should all reactors go under
ground as Edward Teller insists? 

6. New estimates of the possible magnitude of a Class IX 
(most severe) reactor accident; this should include a compari
son with other natural catastrophes such as the Bangladesh 
typhoon. 

7. Further improvement in reactor safety. 
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8. Problems associated with dismantling the fission I 
enterprise if in 50 years this became desirable. 

9. Realistic estimates of the total radiologic burden 
(from "as low as practical" releases) imposed by a complete I 
commitment to fission. 

10. Assessment and development of technology to completely I 
seal geologic disposal formatjons. 

11. Possibilities for further automating reactoi operation I 
so as to reduce even more the degree of human intervention 
requi~ed in such an operation. 

12. Establish a center to work consistently on the global I 
heat problem. 

13. To what extent do our present courses of action fore- I 
close future options; to what extent do they keep future 
options open? 

Immediate Short-term Social Questions 

1. Is present structure of the utility industry capable 
of dealing with nuclear energy? Or should some regionalized 
super-utilities be created to take care of overation, the 
utilities themselves becoming distributors? 

2. Should we deal more openly with the public with 
respect to emergency planning for possible reactor accidents? 

3. Should states in the U. S. A. be urged to establish 
siting policies--i.e., each state designate specific places 
where nuclear power will be generated? 

4. Can the IAEA serve a significant role with respect 
to the problem of: 
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18( 
a) Diversion? 

b) Reactor standards? 

c) Dissemination of information affecting reactor 
safety? 

5. Why is the attitude toward all these questions so 
different in the Soviet Union and the United Kingdom than it 
is in the United States? 

Long-term Questions 

1. Should something like the Baruch plan be re-invented 
so that nuclear energy becomes eventually an internationally 
controlled enterprise? 

2. Does a long-lived nuclear cadre make sense? Can one 
conceivably plan for such a cadre at this stage? 

3. Should some continuing institution be given a mandate 
to worry about these social questions? 

4. Are the long-range questions so vague and beset with 
so much uncertainty that one would be wasting one's time to 
really worry about them now? 

Obviously most of these questions, particularly the ones 
with strong technological components, fall heavily in the 
province of AEC. Any study that might be undertaken would 
therefore need the support and encouragement of AEC. Beyond 
this, the views on these matters are so controversial that, 
before a serious study is even contemplated, there ought to 
be a discussion convened by a neutral body, say the Woodrow 
Wilson International Center for Scholars or the National 
Academy of Sciences, to see whether these matters have merit. 
I would visualize convening a small group of interested and 
knowledgeable people who might discuss the issues raised in 
this memorandum. 
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NATURAL HISTORY, OCTOBER 1974 I 
Short-circuiting 
the Cheap Power Fantasy 
The price of increased energy consumption is a reduction 
in the earth:~ carrying rapa<'ity for all life 

by George M. Woodwcll 

Energy rlrives our worlrl. F.rlf'rgv 
from oil is sending lllf' eastward at 
600 miles l'"r hour in a giant air
planf' flying :30,000 feet over t}w 
Wyoming 1lcscrt. Energy from oil 
was used to smelt t}w aluminum to 
huild the plane; morr mergy from 
oil was used to makf' the. plastic 
tray I'm writing on, the plastic fiher 
of the seats; still more to freeze thf' 
ice in my lemonade, served in a 
plastic cup. Most of my world is fos
sil fueled-but not 11uite all. 

A hitchhiking fly tickles my 
hand. I flick it awav. It moves to 
the window, attract~d hy thf' sun
light reJlected from the plane"s 
wings. The fly's soun-p of erwrgy is, 
of course, the sun. This solar energy 
flows to the insect through gref'n 
plants somewhere far away. Ami 
tllf' enPrgy T usc in flicking my 
hand also nmws from the sun, fixed 
in photosynthesis somcwhen~ rf'• 
Cf'ntly, perhaps in the grpat ween 
circles of western Nebraska"s irri
gated fa~mlancl now passing helow 
nlf'. Outside my silver capsulc, the 
sun dominates: warming thf' land, 
Pvaporating water, heating the air, 
circulating the oecans, making the 
wPather, causing thf' wimls--aml 
providing dw energy for all life. 

These arf' the two sources of en
ergy used hy man. The first, prirwi
pally fossil fuels-but also including 
water powf'r, nur!Par power, and 
geothermal power, among other mi
nor sources-drives our technology. 
·nw other source. the sun, drives 
the biosphere. A small fraction of 
the-total energy from the sun, per
haps 0.1 percent of all the solar en
ergy reaching the top of thP atmo
sphere, is fixed in photosynthesis 
and hcconws available to support 
lifc. Most of the halance is rpflected 
immediately hack i11to spacf'. Both 
soun·es-cnergy in thP tcch-
11ologi1·al scgmpnt and _Prwrgy from 
biotic resourccs-arP currently in 
short supply. locally and aroun;I tlw 
world. In addition, shortagf's of fos
sil fuds havP profound implications 

for all hiotic J·csouru's. indll(ling 
food. 

The immediate problem is a dP
cline in the rate of increase in oil 
production in the Unite<l States. To
tal production appears to have 
reached a peak just whPn world
wide demand is soaring. Tlw de
cline in rcsourcei, means that tlw 
United States no longer holds a 
dominant role in bargaining for oil 
clsewherc. As a result of this 
squeeze, pri,:es are risinK and gross 
changei, are 01·1:urring in the rela
tive costs of diflerent sources of en
ergy. What are the implications of 
these changes for biotic resoun·es? 

We should base our answf'r on a 
consideration of the size of these 
two energy flows. onP. thmugh tech
nology and one through life. Two 
recent studies arc of lwlp. Thf' 00 En
ergy Policy Project." financed hy 
the Ford Foundation. issued a pre
liminary report not long ago that 
summarized the various use!" of non
biotic energy. Ae,·onling to the ff'· 
port, the total Pncrgy usP in 1973 
from all nonhiotir sources. in
cluding fossil furls. hydropower, 
geothermal sour,·cs. and nudear 
power was ahout 66 trillion (66 X 
1012) kilowatt-hours. Thi' United 
States consumed ah,mt one-third of 
this. Use has hecn inrrcasing rap
idly in recent year!". It now takes 
about twclvc years for total energy 
use to double; thr ll.S. douhling 
time has reccntly lll'en estimated at 
about eighteen years. 

The second study, by R.H. 
Whittaker and G. E. Likens of Cor
nell University, is a comprehensive 
appraisal of thc total amount of cn
ergy fixPd on earth hy grPen plants. 
That total is thought to bc equiva
lent to ahout 840 trillion kilowatt
hours per year. 111is is nPt primary 
production, t}w f'll<'rgy available to 
support animals, i1wl11ding man. 
and the organisms of dPcay. Ahout 
two-third!" of this total is fixed in 
terrestrial ecosystPrns, mostly for-
1•sts. Agricult,irP snppliPs · ahout 
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onf'••lwPntieth of the total. Contrarr 
lo '. mpular· lwlif'f. agriculturf' is n<•I I 
a l'Ornu1·opia of nf'W ff'f'lllll"l'f'f: i11 
,:upport of man: it is ,:impy a diver
sion of net primary protl1wtion fn,m 
one form and place to another. The I 
divcrf:ion if' made hy lavi,:h usf' of 
energy in tP.rhnology. Recent esti
mates suggest that several units of 1 fossil fuel energy are required to 
pro1ltu·e eaeh unit of food energy. 
Tlris ratio dPmonstrates the irnpor
tam:f' of society's energy flows in I 
maintaining modern agriculture. 

Tiw energy availab)p worldwide 
as net prirnarv production was 
prohahly tcn to fifteen timf's the I 
amount of enPrgy used in t}lf' tech
nological f:egmcnt of society in 
1973. How much of this solar en
ergy is used I<• sustain human life? I 
Direl'I use irwlmks all of thf' Pnergy 
fixed in agriculturf' for food produc
tion. Cultivaf Ptl land supplif's 11Pt I 
primary produet ion approximately 
equivalent to 40 or 50 trillion kilo
watt-hours annuallv. We must mid 
to that estimate the harvests of food I 
from ·natural systems, including the 
harvests of grazing mammals. Thf' 
magnitude of· this entire scgmf'nt 
might be as much again as the flow I 
to man from cultivatPd land. 

We also harvest fish from the 
occans. The total yiel<l of fish is I 
about 70 million tims annuallv: it 
has not inerf'ascd in recent vears 
despite intenf'ifiPd dforts in fo:hing. 
While better managcment of fish-1 
erif•s might increase the yield some
what, at prescnt, fish are prohably 
heing harvested at about thc maxi'-
mum rate possihle. I 

In addition to these uses of food, 
we harvest large quantities of lum·
hPr for fuel. pulp, and construl'lion 
purprnws from natural or lightly I 
managed plant rommunitif'f: around 
the world. The total current harvPst 
of forests probably cxrf'eds tlw an- , 
nual growth, sirwe massi\'P inroads 
arc lwing madP in this dPcad" on 
old-growth forests. Such a drain on 
natural ecosyf:tems cannot }If' sus- I 
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tained, of course-. -A conservative es
timate suggests that as much as 30 
to 50 percent of the net primary 
production of the earth is being di
verted to direct use by man for sup
port of the current population. 

This estimate of the use of the 
biota does not take into consid
eration what I call the "public ser
vice functions of nature." These in
clude the stabilization of water 
flows through river valleys, the 
purification of air and water, the 
amelioration of local climate, the 
control of plant and animal popu
lations, the stabilization of soils, 
and the retention of nutrients in 
biotic cvcles. These functions are 
common'lv assumed to continue no 
matter h~w intensively biotic re
sources are exploited, but there is 
powerful evidence that these ser
vices performed by nature are now 
being lost. 

The losses are due to two types 
of biotic changes. First, there has 
been an unprecedented decrease in 
numbers of species. We are living 
in a period in which the numbers of 
different plants and animals are 
being reduced more rapidly than at 
any other time in the history of the 
earth. Second, the losses of species 
are coincident with a systematic re
duction in the structure of natural 
ecosystems around the world, espe
cially in forests. Clear-cutting of 
old-growth stands reduces not only 
the standing crop of trees but may 
also reduce the capacity of the site 
for photosynthesis. Losses of nutri
ent~, changes in the physical condi
tions of soils, erosion, and other 
changes in the site frequently re
duce its capacity for supporting 
vegetation of any type. The spread 
of an impoverished Sahara south
ward in Africa, the reduction of 
tropical rain forests and their re
placement with scrub, and the de
struction of large areas of temper
ate-zone forests all reduce the 
capacity of the earth for sustaining 
human life, the arguments of ex
ploiters notwithstanding. 

The net effect of these changes is 
the gradual, cumulative, and largely 
irreversible biotic impoverishment 
of the earth. The extinction of spe
cies is an irreversible change. The 
loss of nutrients normally held in 
the biota of the uplands is irrever
sible in_ a time span that is of inter
est to us. The destruction of natural 
communities in lakes, streams, and 
coastal oceans by eutrophication 

and pollution, and the heedless re
distribution of species by man also 
constitute irreversible change. In 
the Great Lakes, for example, the 
combined effects of human actions 
in changing drainage basins, modi~ 
fying patterns of water flow, caus
ing pollution, and carelessly in
troducing alien fish has grossly 
impaired the ability of the lakes to 
supply food and other services for 
man. The question is, how do we 
recognize the small steps that lead 
to such major changes? 

The structure and function of 
natural communities follow clear 
and well-known patterns of change. 
The patterns of b_iotic impover
ishment have been known in many 
cases for hundreds, even thousands, 
of years. One of the best modern 
examples is . an experiment at 
Brookhaven National Laboratory, 
where for more than a decade the 
effects of ionizing radiation on a for
est have been examined. A large 
source of ionizing radiation was set 
up in the center of a uniform stand 
of oak-pine forest. The radiation 
source was 9,500 curies of cesium 
137, a radioactive by-product of the 
atomic energy industry that emits 
gamma radiation similar to X-rays. 
The source was large enough to pro
vide a gradient of radiation in
tensity ranging from several thou
sand roentgens per day within a few 
yards of the point of emission to 
about 1 roentgen per day at 400 
feet. The experiment was started in 
November, 1961, and has con
tinued to the present. 

Within six months of the start of 
irradiation, the pattern of damage 
to the vegetation had been estab
lished. There were five clear zones 
of effect. In a zone close to the radi
ation source, no higher plants sur
vived. At slightly lower . radiation 
exposures only certain hardy herb
aceous plants of the forest floor sur
vived, principally the sedge Carex 
pensylvanica. At lower exposures, 
the carex was joined by the shrubs 
of the forest: blueberries and huck
leberries. At still lower exposures, 
about 160 feet from the source, cer- -
tain trees survived, forming an im
poverished oak forest zone. At ex
posures below a few roentgens per 
day, all of the higher plants of the 
forest survived, including the in
digenous pine Pinus rigida. The 
pine, which is the most sensitive to 
ionizing radiation, was removed by 
very low exposures, leaving a forest 

that appeared otherwise intact. 
TI1is form of biotic change is not 

unusual. While the cause of the 
change in the Brookhaven experi
ment was an extraordinary exposure 
to ionizing radiation, parallel 
changes also take place where no 
such experiment has been con
ducted. A pattern of systematic 
change of structure occurs in forests 
exposed to wind, salt spray, and ex
!rernes of pollution. Similar changes 
m vegetation occur additionally 
around smelters that emit oxides of 
sulfur and heavy metals into the at
mosphere. As human influences 
spread around the world, we find 
various stages of ecological impov
erishment characteristic of regions 
that have long been inhabited by 
man: The vegetation of the Mediter
ranean region and the Levant are 
impoverished forests, reduced by 
the effects of human habitation over 
thousands of years. 

The common assumption is that 
industrial energy has freed man 
from dependence on biotic re
sources. Nothing could be further 
from .the truth. The real effect of in
dustrial flows of energy has been to 
allow the transformation of net pro
duction from less useful to more 
useful forms. The transformations 
are maintained, in turn, only at 
considerable effort and expense. 
The replacement of forests by agri
cultural communities of various 
types is one such transformation. 
The use of energy in technology 
also allows the transport of net pri
mary production around the world 
to convenient places for man. 

But there are limits. In the fif. 
teen years between 1951 and 1966, 
a 34 percent increase in food pro
duction was accompanied by a 146 
percf'nt increase in the use of ni
trates and a 300 percent increase in 
the use of pesticides. There is every 
reason to believe that the further in
tensification of agriculture will re
quire similarly, disproportionate. ef
forts as less fertile lands arc put 
into production. Moreover, there is 
reason to fear that· toxificatio11 of 
the environment over large areas 
will aggravate this problem. As food 
becomes more and more expensive, 
driven up in price by scarcities 
born of increasing population, the 
pressures on agriculture can be ex
pected to increase. Because ever 
larger amounts of nitrates and pesti
cides are required to produce an im
proved 3c,rrricultural yield, the in-



tensification of agriculture will 
require additional energy. This en
ergy will be applied less efficiently 
in the future than at present. Just as 
we appear to have reached the lim
its of oceanic fisheries so, in many 
instances, we may also have 
reached the limits of terrestrial agri
culture, unless remarkable further 
advances are made in management 
techniques. 

The problem is even more com
plicated. As demand for energy to 
feed the econC>mic and tech
nological segments of the still-grow
ing industrialized nations mounts, 
there is increasing pressure to lower 
the standards for pollution control. 
Nuclear power is widely heralded as 
one important part of any possible 
solution to the energy squeeze. Ad
vocates of nuclear power hope to 
find sites for power plants where 
there is abundant water for cooling. 
Nuclear power plants now in exis
tence produce about 1,000 mega
watts each and require cooling wa
ter in volumes of 30 to SO million 
gallons per hour. There are ·few 
bodies of water or rivers in the con
tinental United States that can sup-
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ply this amount of water for once
through cooling to such power 
plants. The present hope is that 
these plants can be placed along the 
coasts, perhaps not on the shore at 
all but in the ocean, where there is 
abundant salt water for cooling. 
The plants, however, must necessar
ily be located in fairly shallow wa
ters and will hence affect coastal 
fisheries. There is no possibility that 
these establishments will improve 
the fisheries; there are many rea
sons for believing that they will di
minish them, perhaps greatly. The 
principal problem is the large vol
ume of water that nuclear reactors 
use, pasteurizing it with heat. 

Reactors also release toxic sub
stances used to kill organisms that 
might foul their cooling coils. In ad
dition, there is erosion of toxic met
als from the reactors themselves in 
quantities that may approach sev
eral tons annually, as well as the 
continuous release of radioactivity. 
This latter problem is more severe 
in the oceans than on land because 
there is little possibility of cleaning 
up any offshore radioactive spill. 
Once radioactive nuclides are re-

" I have a continuing interest in 
establishing a closer relationship 
between the science of environment 
and human affairs," says George 
M. W oodwell, senior ecologist at 
the Brookhaven National Labora
tory and lecturer at Yale U niver
sity. Trained originally in botany, 
Woodwell's present work includes a 
program on terrestrial systems, one 
on the function of a salt marsh as a 
unit of the earth's surface, and an
other on the use of natural and 
lightly managed terrestrial and 
aquatic systems to recover the water 
and nutrients in sewage. Among the 
publications in which his articles 
have appeared are Scientific Ameri
can and BioScience. 

leased into coastal waters, they will 
circulate in biotic systems and have 
the potential for affecting humans. 
This latter fact alone is sufficient 
reason to give serious pause to those 
who advocate offshore reactors. One 
large radioactive spill from such a 
reactor could render a segment of 
the coastal fisheries unfit for human 
consumption. Would the gain in en
ergy be worth adding such a risk to 
other certain costs? Far from ap
pearing as a boon, nuclear power 
looks more and more like an unac
ceptable burden. 

Another example of the inter
relationships between technology 
and natural systems helps to clarify 
this apparent dilemma. Rains over 
much of the eastern part of North 
America have become extremely 
acid. The acidity presumably comes 
from oxides of sulfur and nitrates 
formed in. the combustion of fossil 
fuels. Apparently the burning of 
sulfur-containing oil and coal and 
the use of internal combustion auto
mobile engines that fix nitrogen as a 
by-product have turned precipi
tation into a dilute mixture of sulfu-

Continued on page 88 
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Continued from page 20 

ric and nitric acid!!. The acidity is 
in the range of 3 to 4 on the pH 
scale, sufficient to leach- nutrients 
from leaves and, over a period of 
years, from soils. Soil scientists rec
ognize that continued leaching with 
a weak acid will reduce the produc
tivity of agriculture and of other 
vegetations. 

A 10 percent reduction in agri
cultural productivity is difficult to 
measure and might be recognizable 
only over a period of several years. 
Yet a reduction of that proportion 
in the ,productivity of forests and of 
agriculture in New England seems 
to be a realistic prediction if acid 
rams continue for ten years or 
more. A 10 percent reduction in 
the net primary productivity of nat
ural vegetation and of agriculture in 
the New England states would rep
resent a loss of energy equivalent to 
the power produced by fifteen 
1,000-megawatt reactors. 

The segments of society that are 
most closely dependent on natural 
resources, such as farmers and fish
ermen, would feel this loss most, 
but all of us would feel it to some 
degree. A reduction in the yields of 
forests and agriculture would raise 
the prices of all forest products and 
of food. Effects would extend to es
tuarine and coastal fisheries as well. 
This is simply another instance in 
which the use of nonrenewable re
sources has been, and continues to 
be, allowed to destroy renewable re
sources. 

We cannot ·separate the squeeze 
on energy used in support of tech
nology from the squeeze on biotic 
resources; nor can we separate the 
squeeze on these resources from the 
growing squeeze on food and the 
quality of life. Despite the dreams 
of technologists, the availability of 
cheap energy has not created new 
basic resources for human use; in
stead, the net effect has been a re
duction in the net primary produc
tivity of the earth and a 
concomitant and now soaring in
crease in the rate of loss of species. 
These facts taken together suggest 
that we have reached a point in the 
development of our current civ
ilization where further increase in 
flows of energy through technology 
will cause a significant reduction in 
the capacity of the earth to support 
mankind. The world cannot use 

more energy safely. The arguments 
for relaxation of controls on pollu
tion or for the further diffusion of 
the deleterious effects of technology 
around the globe are clearly ahd 
simply wrong. So, too, are the 
dreams of continued economic 
growth in the patterns of past 
decades, using abundant new sup
plies of energy. We have reached 
the point where biotic resources are 
crashing-limits are with us now. 
Technology may alleviate some of 
the problems at present rates of en
ergy use, but another doubling of 
energy consumption in the United 
States may be impossible-and a 
worldwide doubling is frightening. 

My glistening aluminum cap
sule-low on fuel, empty of food, its 
tasteless movie spent-is sinking 
through the smoke and fog of New 
York City toward the concrete strip 
that was formerly part of Jamaica 
Bay, once one of the largest salt 
marshes in the world. We have just 
crossed the Hudson River, passed 
the towers of Manhattan, and are 
gradually descending over mile af
ter square mile of brick tenements 
in Brooklyn. Energy makes this city 
possible-the same energy and tech
nological genius that produced my 
plane, plus energy from natural sys
tems, from the green of those irri
gated plots in western Nebraska, 
the green of the forests of New 
York State's· Catskill and Adiron
dack mountains, the greens and 
browns and reds of the ocean out 
beyond Far Rockaway. 

The earth's surface-the land and 
the oceans-is an energy-fixing ma
chine. From this point of view, 
what is the real cost of this city, 
measured in total space. on a finite 
globe? No one knows for sure, but 
the cost reaches far beyond the city 
or the state or even the entire coun
try to include a large segment of the 
North Atlantic and a large portion 
of the atmo~phere. It includes, as 
well, a share of problems that are 
worldwide in scope-the energy 
crisis, the use of DDT and other 
poisons, the control of acid rains, 
the management of world fisheries 
and the impending worldwide .crisis 
of biotic impoverishment. The earth 
is overpopulated and over
developed; the important problem 
now is ecology, not energy and not 
economics. D 




